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ABSTRACT ‘
Schiff—ﬁasé condensation of 2;6-di$.cety1py‘ri_dine with diaminee on Pb(ID
afforded complexes 0f binucleating [3+2] macrocyclic ligands P (1) and MC
(2). The «complexee ware isolated a8 the dilead -macrocyclic
tetrathiocyanate. Interes;t derives from the unusual binding mode of
thiocyanate as a single atom  'N-only' bridge betw.een the pair of lead
ions bound by the macrocycle; An X-ray ‘crystallographic structure
determination, carried out by Dr. V.McKee, on the dilead MC complex
denonstx;ates the existence of a single thiocyanate 'N-only’ bridge between
the lead 1ions. The H-only bridging noda of thiocyanate is retained in
derivatives containing two or three triflate anions. |

Transmetallation of the P complax, PbaP(NCS)4 ‘with transition metal
triflates gave homobinuclear products with K = CudIl), CodI) and
beterobinuclear Pb/N products with M = Mn(II), Fe(ID), lli(II)..whereas_
trancmetallation of the\dilead NC complex affor&ed hdnébinuciear ‘CudID
and F1i(ID oonpleies and heterobinuclear complexes with X = Mn(II) and
Fae(II). Infrared spectra suggest that the 'N-only' bridging mode of
thiocyanale exists between the metal ions in the heterobinuclear MnPbNC
and FePbNC comélexea and X-ray structural confirmation haa been obtained
for the mngaﬁeee/lead NC complex. There was evidance of the existence of
heterobinuclear FeCuP and FeCuKC complexes -which ware formed by metal
exchange of the lead ion, in the reapective FePb ngcrocyclic complex, for
Cu(l).

The cryptand GT, (3) was formed by .Schiff-base condensation pf the

tripod amine N (CH2CHzNH=z)s with giyoxal, using group (11) metal ions as

template., A wide range of metal ion GT cryptates were obtained by

transmetallation, inéluding transition metal ion, lanthanide ion and



group(l) metal ion cryptates. An X-ray crystal structure of the cobalt(II)
- 6T cfyptate has been obtained. Genérally. the cryptates are mononuclear
-with respect to the metal iom, an exception being the binuclear cc;pper<1>
cryptata; Transmetallation with copper(IlI) produces eiﬁer the mononuclear
or the dinuclear cryptate depending on conditioms employed.. The binuclear.
copper (II) cryptate has a particularly unusual 7-line esr spectrum which
suggests formation of a' mixed valence ACu'(II)/Cu(IS species. Cyclic
voltammetry has shown strong stabilisation of the Cu(D state, with E..,2
" for the reduction lying in the range found for blue copper protains.' ’

Synthecie of transition matal ion complexes by transmetallation ot
disilver or dilead 3Bp (4), or metal ion insertion into the 3Bp ligand was
’investigated. Dicobalt (I ax;d dicoppef (¢9) oryétatas of 3Bp were obtained:
The corresponding reduced ﬁetal—free cryptand, R3Bp (9B, gave - an
interesting series of binuclear complexes of FidID, Cu(I); Cu(II> and
Co(ID>. The dicopper(il) and dicobalt(II) cryptates are of particular
interest due to the presence of a hydroxo bridge between the metal ions.
Attempted ineertion of Mn(I[) into R3Bp failed but gave the
tetraprotonated R3Bp triflate whose structure was crystallographically
determined. ‘

Atteni:ts to i;nsert metal ione into cryptand 3Bm (6 failed. However
1nsoffion of Ni(II) gave ring opening and ; pendant arm macrocyclic
4complex was obtained. The reduced metal-free ligand, R3Bm (7) produced a
wider range of complexes, including the dinickei(il). dicopper<II> and
dicobalt(II) cryptates.

Transition metal  complexes ‘throughout, hafe been éha'racteriaed using
infrared, electronic, and e.s.r. spectroscopy. Magnetic susceptibility

meagurements and n.m.r. were employed where appropriate. The work



described in' Chapters 2, 3, 4 and S is preceeded by a review of the

relevant literature, in Chapter 1,

The ilacrocycle "MC* (2)

The macrocycle “P" (1)

The cryptand "GI" ()

\—Q __N N. 'N

The cryptand “38p 4) ’ The cryptand "R3Bp* (5)

The cryptand "3Bm" (@) The cryptand “R3Bm* (7)
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CHAPTER 1



INTRODUCTION
Over the last two decades there has been a growing awareness of the
inpértande of metal 'iunv complexes of macrocycles or’ cryptaxids as modela.
" ar mimice of biological molecules such as enzymes. Recognition of
possible commercial applications of macrocyclic and cryptate complexes as
catalysts, or the application of the free ligﬁnds as mnetal seque‘atratibn
agents for example has led to incg‘easling intex"est in the area. In addition,
various new potential uses in areas such as radionuclide transportation,
. luminescence labelling or magnetic resonance imaging have beeﬂ the .driving
force behind eoﬁé of the recant ressarch in the fleld.

The aim of this review is an investigation of macroéycles and
cryptands which are capable of binding one or mare metal ions.
F'or the purposes .of this review a macrocycle 15 | defined as' a cyclic
cdmpound which has nine or more  members including three or more
heteroatoms.” A cryptand is defined as a macrocyclic compound that
contains at .least one additional link. Commonly  these are described as
macrobicycles, macroj:r:lcyclee-and 60 on. A short section on anion binding
within cryptands is also included.

Emphasis is placéd on nitrogen donor ligands, on  the preparative
rou>te to the metal conmplexes and on their phygicochemical properties and
structure. ‘Throughout the discussion the comflexee are numbered
consecutively and if referred Vto "by name, trivial names used by the
original author are used. A brief bistory of the area is outlined, followéd
by sections on the synthesis of macrocycles, cryptands and their .
conpléxes. Binuclear transi,ticm metal complexes of Schiff-base

macrocycles and cryptands and mono-metal ion cryptates are emphasised.



' Background material considered fundamental to much of the work mentioned

18 included.

A _BRIRF HISTORY
Coordination compounds 'conﬁining macrocyclic ligandse have been around
since life bagan, and include oonplaies on which all 1life depends,
chlorophyll and bhaem-protein provide pertinent exan;ples. Howevar, the
'study of macrocyclic con;plexes did not Begin until around the beginning of
this cent;ary. Porphyrins, corrins and phthalocyaninaé ‘bave been studied
because of their resemblance to naturally oﬁcurring macrnc&clic complexas.
'suchlas chlorophyll or haem, or because of their potential as dyestuffs.
Only a few scattered reports of new synthetic macrocyclic ligands and
their complexes appeqred before .1960.3—‘. However,' in'. the early 1960s

varioues macrocyclic complexes were reported.

' N\ /NH N{i {N
[Ni(cn);]“ CH,COMe ( /Nioj + ( /Nl\u)
' " NH 1|~1 Me NH F
[
e e g
(D (2)
Schenmeae 1

Curtis demonstrated the potential of the metal ion in formation of the
isomeric macrocyclic producte (1) and (2) , which ware produced by
reaction of tris-ethylené dianine nickél(II) perchlorate and‘ acetone.”
However the first deliberata eynthesis of a metal ion complex of a new A

synthetic macrocyclic ligand (3) was reported by Thompson and Busch. ©
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The cyclic polyether or ‘“"crown" macrocycles‘ (4) were introduced By
Pederson 1in 1967.® These displayed moderate se,lectiv.ity among group I and
group II metal 1lone'® and were capable of binding small non-metallic ions
or molesculea, however their ability to bind transition metal ioné was
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The extension from naérocyclea- to macrobicycles and 1into the . 'third

dim_;ansion' wae initiated in 1968, with the reported synthesis of a

clatbrochelate (5) which contains a-diimine donor groupse.'= The term

“clathrochelate" was 1ntr'oduoed by Busch to mean an encapsulated metal ion

complex.'® In. 1969 Lehn introduced the bicyclic polyether cryptands (6),

6ontaining tripod Bridgéhead nitrogen atomé‘ that link polyéther strands.'?
SN

V’\O’\« 0NN
P

6>



The crjptands were named by giving the numBer of oxygen atoms ‘in' each of
‘the three strands linking the bridgehead nitrogen atome, thus cryptand (6)
was named 2.2.2.

Macrocyclic ligands have becoxe 1ncreaaingly topélogically diverse
and many4 subdivisions 1in the area now exist. Several classes of
nacrocycles are not reviewed here, these includg polyphogpha- anﬁ
polyarea-.macrocyéles. vaulted cyclidenes, cyclodextrine and porphyrins.
Polyethe_r macrocycles have been extensively reviewed elsewhere 'S.'6.!7
and only some of the more relevant exanples are i1ncluded. Inipdrtant
.contributions hnin been made by Stoddart's group. Space does not permit. a
description of this interesting work.

SIIIHESIS

The synthetic routes leadiﬁg to macrocycles or cryptan'ds fall into »two
main categories.

(1) Direct synthesis of the iigénd by tx;aditional organic methods.

@) Tenplate esynthesis involving cyclisation in the presence of a metal
ion - the ia situ approach. |

New naérocycles have also been obtained by modification of a previously

' synthesié_ed parent macrocycle.

(\O/_\O/.\ l;iAiH

Cl 0 Cl
/ b Ve g, + ~ — HN NH ——=
H,;N o} o} NH, >—” ‘—< ‘ .
o 0 )\/ 0. -

A~/ o
/N~ : N
o] 0 Qa o 0 a 0/\ »
HP’J/\ _ /j‘lﬂ o>’—/\—/\—<o A I!I//\\,g/\,o’\,N B,H,

oo | e Ware .

: ' 7\
o/—\o/\ ‘ ' TR
HyB-N\-0"\_ 0"\ N-BH, N-0\_0"\N

K/o\_/o\-/l Scheme 3 k/ouo




Syntl;wais of macrocyclee or cry#tanda by .tradifidnall arganic meﬁoﬁs
'ofte_nv involves multistep synthesee such as that shown in schem_é 3,'@

The yield of the desired product is éomet:lmu low due to competing
~ intermolecular polymerisation reactiocnms. In order to circumvent thts
problen, etepe involving ring closure are otlen <carried out unde;r
condit;ons of high dilution thus éncouragin'g intramolecular reaction which
gives the macrocycle.'®-22 Examples of macrocycles and cryptands -formed

‘in this way are shown in figure 1.

~ ﬁéﬁ

r~. N - 0 0
H H > _ _>
NH ©_ HN HN NH
e, 0 G4
N o ‘ o} 0o
’ |\/N\/'
(7 v ' 8) (9) (10
Figure 1

: Howéver direct synthesis of a cryptand ar macrocycle need not necessarily
involve o multistep 'renction employing conditions of high dilution, == =4
Rigid groupe may be incorparated into the reactants, both minimising
unfavourable entropy effects on ring formation and fixing reactive sites
in a favourable arientation for reaction.

The advantage orf direct syntheaia_' ie the ease of purification and
characterisation of the product. In addition, spectra of .the ligand are
available for comparison with those of the complei.' Alfernatively nmetal
template syntheses offer high—yielding and selective routes to macrocyclic
or nacrqbicyclic ligands an_d their complexes,2®-2*¢ and can prbvidé
prociucte that are not acceéeible by an .al‘ternative routa. rhe‘ In situ

synthesee are commonly convenient one pot reactions resulting in formation .



of a metal 16:1 conplex of the macrocycle or &prd. The synthesis of
nacropoly_cyglic ligaﬁds requires consideration of synthetic strategies for
the copatruction of the macrocyclic framewark. The r@ﬁs to macrobicyclic .
ligands have been categorised=” and are 'repreaented schénatica}ly in

figure 2.

stepwise: Q — Q — ‘ intcr.n‘fll template: ' | ) _. O — C:O
tripodecouplingzg 9 — — C@) —-(ﬁ)

single capping: €° - @ external template: @ —
' ' (variants)

double capping: o;o - @o — @
tripode capping: g;; — @ ’ é.; = @

Figure 2 Routes to macmbicycl.fc ligands

(a) A stepwise approach can be employed, which involves synthesis of a
nacrocycle followed bi bridging of the macrocycle. An eianple is shown 1in
scheme 4.2° The method iﬁcludes two ‘cyclisation stepse effected under
conditions of high dilution, sach '_forming two bo'nds. The route provides
access to cryptande containing three different atraqda between the

bridgehead atoms.

C|H3 ‘ , C,SHJ
N ts0 (‘ ’\
HN/'\ ’\NH + /}-ts L0, N/\/\r\/\/N
N o (e

. CHs ‘ Cng

(11>

Schenme 4
(b) Tripode coupling involves C-N. bond formafion by coupling of a tripbd
containing three C-X groups with a fiipod comprising three tosylamine

groups (scheme 5).%© This 1s a one pot procedure that requires formation
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of three bonds. The use of two different tripodal subunits provides

asymnetrical cryptanda

T~ O
o e R S
i (12)

Scheme 5
(c) Single capping generally involves closure of a tripod ligand to give a
cryptand. The ligand is often complexed with a suitable metal ion priar to

capping as 1n the example shown in scheme 6.°°

-é:". 4 N_H EH.NH . ‘(l) X=aN .
K Y45 1 @®) X=C—NO,;
NH 'NH ‘NH : ., ' (€) X = C—NH,
. NH WK ONR | (d) X = C—NHy*
Toaam
Scheme 6

(d) Double capping involves reaction of three difunctional bridging

fragments with capping groups resulting in formation of a macrobicyclic

ligand (scheme 7).2!

3+

@ = EYO

(14
Scheme 7

(@) Tripode capping involves reaction of two tripod .subunits with three
bridging fragnents to produce six new bonds. The method is used 1in

formation of Schiff-base cryptands as shown in scheme 8.%4.29
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N N
2 <'N—N*‘Iz * 3- (Q N \N’——R \N/
N, o ° K\‘N§;_.F2__f’N
s ‘
Scheme'e

Several classes of template reactibn are. commonly employed 1in the
ayntheeis of macrocycles. One of the nost common methods .invalves
reaction of a dialdehyde or diketone with a ‘diamine in the presence of a
metal ion to giva a Schiff-base maerdcyele.:*? The synthesis of f;his claes
of | Schiff—basé macrocycles 1is considered in more depth later in this
review, Schiff-base formation by reaction of a complexed multidentate
amine with a dicarbonyl?2.3@® or a ketone such as acetone®22¥ are

illustrated in schemes 9 and 10.

R A
NH  NH, O=C NH N=C
< M, + —’< M
Ni ‘NH O0=cC N| ‘N=
N’ 2 ~q \/ . R
(16)
Scheme 9
/_\ /‘\
NH  NH, NH  N—
< o, W (CH3)2CO ( Sea ot
M —_— M
NH NH, NH HN
\/ '2 ‘\./
4 < 17>
Scheme 10

Reaction of a complexed dicarbonyl with a simple diamine is frequently
reported. The Jager-type macrocycles for example are produced by reaction

between B-katoiminato complexes with diamines as shown in scheme 11.24.95
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ﬁMe TON\Me

N O
@E N N, @[ N \
| 7N ‘ ’ \./
a Tt Me i ‘\‘___':' Me

X = (CHy);.(CH,);5.0-C4H, .

18
Scheme 11

An alternative synthesis involving ‘Schiff-base obndenaativon ‘is fhe self
condensation of orthb—aginobenzaldahydes (scheme 12). The reaction
providaes access ta complexes of‘ the pl@n& tetradentate macrocycle ‘<19)
and the tridentate macrocjcle (20> on condeneation in the presence of
Fi(II) whereas the use of a Cu(ID) - template iom ';.)roducea only the

tetradentate macrocyclic complex.@%-37

@““ Q - (EL
NH, =N~ ,M..

<19>' : 20

Scheme 12
A related reaction between transition metal ion amine complexes
formaldehyde ~and ammonia or ‘nitromethane in basic solution prdvides

saturated tetraaza macrocycles®®, as illustrated in Scheme 13.

Cu, HzCO base NO,

Schene 13 .
(21
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Reaction between dithiolates and dibromoalkanes provide access to sulphur

‘containing macrocycles®. A generalised reaction scheme is shown below.

N - TN
(o +>———(,:Mt)-
NH 'S 8r .~ “NH: s
N’ N
Scheme 14
Several polyether macrocycles, such as (4), have been produced in

template z;eactioné between diphenols and dichlorides.'® The reaction yield
is atrc-sr.xgly depe:;de.nt on the metal ion implying a template role for the
cation. : Less extensively astudied reactions 1include capping of
dimethylglyoxime complexes -with boron compounds to form O-B-O linkages?'
and the reaction of a ‘coordinated dihydrazine with formaldehyde which
provides. access to macrocyclee containing N-N bonds.®® Examples of such

reactions are shown in Schemes 15 and 16.

24
Ph\B/Ph
H
. o.. \O O/ \O
H3C | | CHa L
N _ N N
c=N_ _N=C DPBE = Ne, e =
| NI\ I - SN . -
C=N" N=C\ ' N N
we” ] | cH, | ‘
3 o) o) o_ _O
~ . P
H* Bl
Scheme 15. Ph Ph
(22)
. ) . -+
' /R ~ ~R ~
: s. S s, S
L e ,-. HgCO C % et .
N @[ "N @
: T'H H'T ll\l T
o . : N N
H,N NH, | . New
Scheme 16 Ha

23
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Many of the synthetic methods used in the synthesis of macrocyclic

complexes have also been employed in cryptate synthesis and are

considered later in more detail.

THE MACROCYCLIC AND CRYPTATE EFFECT

It was re’alisedv from ﬁhe earlyA work on macrocyclic complexes that
macrocyclic ligands §onfer unusual and‘ potentially useful properties on
their metal conplexes. These include slow r;atee‘ of dissociation 29, large
stability constants compared to their open chain analogues<® and high
ligand field strengths.4’ The term 'nam':aeye.-.lzl.c‘ef.‘fe‘:'t:‘l was lntroduced in
recognition of these properties. An extension of the n_iacn‘ocyclic effect
'the cryptate effect' describes the analogous and often more pronounced
stabilitjr e_nhhﬁoement observed in cryptates.«2.<2 The. £erm incorparates

both thermodynamic and kinetic components.

H/” \H

{ N 1 H N/ \
C : :> 1 - NH 2 L2
N N ' N .

NH
H \ / H - H\ ;) 2
. . 2+‘ . ) . R 2+
FORMATION: Cu -(aq) + L R culL
7
. 2 S k 2t
DISSOCIATION: Cu L &+ nH d S Cu (aq) + LE
> ‘
, 1 =1 =1
Ligand kf ™M s ) kd (s )
RS 2 4 7
"L 5.8 x 10 3.6 x 10
2 b '
L 2.9 x 10 4.1

Figure 3 Rates of rormation and dissociation of CuL' and CuL=
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The kinetic effects bave been illustrated by Cabbiness and Nargerum,*® in
a compaﬂsan of the rates of dissociation and formation of copper (ID)
complexea 0of a =macrocyclic ligand L' and it's open-chain analogue L=, -
shown in figure 3. Although ‘the rate of formation of the acyclic compléx
is faster than that of the macrocyclic complex, the complex of the acyclic '
ligand dissociates ca. 107 times faster than the macrocyclic complex. The
mechanism of dissoclation can be envisaged as an unwrapping -process
wherby a terminal nitrogen donor is freed from the metal {on and replaced
by a solvent molecule, followed by éequential replacement of the adjacent N
donor of the chain. Such an unwrapping mechanism is n& ﬁbeeible for tha
‘macrocyclic complex as the macrocycle does not contain a terminal N donor.
Dissociation of the macrocycle is thought to require an initial folding of
the macrocycle before breaking of the ﬁrét coordinate bond.4° ‘

The enhanced thermodynamic stability of the macrocyclic complex is
not entirely due to an increased chelate effect. Hinz and Nargerum<+44S
carried out a therpodynamic‘ study of the complexation of HNi(II) by
macrocycle L' and acyclic ligand L2 (Figuﬁ 4) and suggested that aH= for
complexation of the macrocycle is mare negativé than that for the
corresponding acyclic ligand because the acyclic ligand requires a g;reafer
degree of solvation in its uncomplaxed state and the associated H-20
aolvgnt molecules have to be displaced. on complex formatiom. Paoletti et':
als€-+® concluded that both the enthaipy and entropy terns. were important
in determining the thermodynamic stability of the complex. The entropy
contribution is favourable since cyclic ligands do not lose c.onﬁgurational
entropy on coordination to the same extent as do acyclic ligands. I‘he-
enfhalpy effect depends .on ligand solvation, match between metal ion

radius and nacrocyclic cavity<+”.4® and on the stareochemical preferences
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of the metal ion. The énthalpy term may therefore be either favourable or

unfavourable in comparison with the acyclic ligand.

IEMPLATE EFFECTS -

Several types of template effect have been identified.@®

(a) The coordination ar kipetic tenplate effect

- where a template effect arises from the stereochemistry imposed on some
of the reactants by ccordination to a metal 10;.2'-‘9'“ This promotes a
series of controlled steps and characteristically gives products not
formed in the absence of the matal ion.,2s.=1-s2

(b) The thermodyn&mié tenplate effect |

- applies t6 reactions where the product is formed in the absence of metal
ion but the metal ion improves the yield of product by removing it from
the: equilibriun.s‘ .

(c) The equilibrium template effect

- where both of the effects above act together. The distinctive feature

here is the formation of different productsa in the absence of the metal

1°n .3. B2 ,89

The condensation of an amine and a carbonyl group to form the imine or
Scﬁiff—base function has been widely exploited in the synthesis of
nitrogen don.or macrocycles=® 80 58 and bhas recently been applied to
cryptand synthesig .4 2@ I‘he. mechanism of Schiff-base formation is
illustrated in fvigureA .4, In the tempiate process, the metal 1on 1is
coordinated by the oxygen - atom of the carbonyl _group, thus ﬁithd.rawing

electi'pn deneity from the carbon of the carbonyl and activating the carbon
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atom’ towards nucleophilic attack by the amine. The imine containing

product is commonly isolated as a metal complex.

Step 1, addition:

O: . :0:” ' :OH
C - | |
: fast fast
RCR + R'NH, —/—— 4RCI2R — R?R
‘ R'NH, - R'NH

Step 2, elimination:

:OH H* :OH, —H,0 . -H*
|- - " fast tl ‘slow , fast - ,
R,CNHR’ &—= R CT}IHR' e—4 RZC—NHR e — RZC NR

" the imine

Figure 4 The mechanisa of Schiff-base formation

The use of a template metal ion is widespread in the ayntheéis of Schiff-
pasa naqoéycles. The template ions ‘most commonly enpldyed art; the
stereochemically undemanding 'Group(IIS metal caticms, léaQ(II) or. Ag(I)

ions,2%.5° though the use of various other template ions bas been reported,

_transition metal ions such as Cu(D) ar Cu(II),®*+ lanthanide 1ions®® and

actinide‘ iong®®, for example.- Recently, the actinide complex ion UOax%** has
been used as a tanpl@é in formation of  Schiff-base macrt-:cyc;les.“
Lanthanide ion macrocyclic complexes and cryptates afe considare_d in
greatar depfh in a later section.

The dicarbonyi conpounds | employed in Schiff-base reactions
frequently inqorporatg a hetercaromatic ring*#-*° guch as 1.:>yr1dine. furan,
thibphéhe, 61' pyrrole. Pyridine containinQ head units are particularly

common, poseibly because of the donating ability of the pyridine-hit.roge_n.
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which may act as an anchor, assisting the coordination of the dicarﬁonyl
rucﬁnt to the template ion.=2

Schiff-base macrocycles are .frequently clagsified acc&ding to the
number of dicarbonyl and diamine reactant molecules that combiné to
produce the macrocycle. The macrocycles fﬁrned from -reaction of  one
dicarbonyl unit with one dianiné unit have been termed 1+1 macrocycles, -
whereas the 2+2 macrocycle incorporates two of .aach'type of reactant.2®.s°
Schiff-base cryptgnda have been formed in 2+3 reactions between two
tripod amines and thré dicarbonyl compounds. These are represented

-gchematically in figure 5.

sl

0 Head Unit N N

e O

| o7 . R/ \RLatgrql N\/\N ‘N/\/
N N ' \ ) / Unit k/N .
N—r—" N N | po |

Figure 5 Schematic representationé af 1+1, 2+¢2 and 2+3 Schiff-base ligands
The size of the template ion is of inportance in directing the eyﬂthetié
pathway in Schiff-base systm. The magnesium cation for exan_ple, is the
only alkaline earth cation that generates the pentadentate 1+1 macrocycle
shown i1in figure 6. However, magneeium is ineffective in forming the
larger hexadentate macrocycle, though this is readily fofned by templaté
on the Ilarger metal ions. calcium, strontium or barium.®? “ If the
template mnetal iop' is too large for the 1+1 n_mcrocyclié cavity, fhe 2+2 
macrocycle may form. As ahowg in figure 6, usae of the larger Pb2* template
ion 8energtas the 2+2 macrocycle, and :I.ncorporaf.es two lead {f.emplate ions

into the macrocyclic cavity.®®
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qu*.Pb2+
72
/| - l
> . N
N - v
o 0 M <i Mg N
/ \ {/ A \ -0 0
H,N 0( ‘D - NH \_/
: n=2,3
poi* /|
- i
N

Figure G»Scbzﬂ‘-base‘ macrocycle synthesis on non-transitibn metal template
Similarly, binuclear complexee of macracycle <(24) are formed -by t;se of
Srz‘(radiug = 1.13) and Pb2* (radius = 1.21A) as template ions, but a
mononuclear complex ariées with the use of the barium lion as témplate

(Ba=+ (radius = 1.351).%°
N OH N
OH Hog

(28)

WA

It apbeara that the macrocyclic cavity cannot accomadate two barium ions. .
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Mismatch between the cavity of the ﬁaorocycle and the ionic radius of
‘ tﬁe metal ion alters the geometry of the cbmplex. ‘A flexible macrocycle
m‘ay fold around a small metal ion, whereas a metal which is too large for -
the cavity of the nac-rocycle. éan ‘be aoct.amodated outside the plane of the
macrocycle. However 'this results in use of conrdinafion sites on oﬁly one
side of the ion and permits the formation of a ‘sandwich' type strut:.tu;'e,
where another macrocycle coordin.ates to the'other_ face of the i:‘m.' As an
exanple, macrocycle (25) forme on alkaline earth metal template 1cms,.Ca=;*,
Sr%+ and Ba=*. Calcium and strontium ions are each. bound to onme
macrocycle howaver, the larger Ba®* ion ic ooorﬂinatad to dom.:n‘s from two
macrocycles, giving a twelve cocrdinate barium i;::n complex.*' The
geometry in this complex may be partly due. to the preference of the

barium ion for high coordination numbers.

@5

" Another size-related effect is the metal induced ring contraction where a
>§H or -OH functional group reacts with an imine of the macrocycle to.
produce a smaller ﬁacrocyclic fing. The example shown in figure 7 was
reported by Fenton and cowprkers;“ I'he L;.u'ger barium cation gives (a) as -
the product from the reaction of 2,6-diacetylpyridine and 1,3-d1amiﬁo—2—
hydroxypropane whereaé the smaller lead(ID | cation gives (b) as t_he“

. product.
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)
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OH HO . sz+
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Figure 7 Netal-1nduced ring conltractian‘
Similar riﬁg contractione which result in formation of imidazolidine rings l
have been reported by FNelson and coworkers.©2.5? Presumably the mismatch
of ionic radius with cavity size provides the thermodynamic driving force
for the ring contraction. |

The nature of the donor atums also play a part in controlling the
reaction pathway. This control 1is exercised through the atréngth of the
intaract:lonc between metal ion and donor a£oms. Although Pb(II) template
ion leads to formation of the 2+2 macrocycle (L®), shown 1# figure 8,
when the diamine contains two ether oxygen donors, use of the
correspoﬁding tetraanine results in <formation of thé 1+1 npacrocycle
(L*).*® The lead ion is likely to form stronger and therefore shorter
bonde with the N donors. As a result the terminal amino group can extend

to a position where 1+1 ring closure can take place.

' RN
N N
(CHz)m . (CH2)m ' / /N\\ ,O wz
X X) \R)l CHylp - M_ (CHI
\_ (CHa)y ./ S Ty
% -

Ly, m=n=2X:0 L%, R = -CH2CH20CH2CH20CH2CHz~ \_(CH
L!’ m=n=z2, X=NH .
L,.’ m=2,nz=3, X=NH :
L y mM=3,n = 2, X = NH Figure 8

Sterochemical preference of the template ion also contributes towards the

effectiveness of a synthotic pathway. Neither Cu(II) nar Ni(II) for example
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act as templates for the pentadentate 1+1 macrocycles such as L' - L4, yet
they are conmonly used in template synthesis of tetradentate H4

macrocycles such as (26) which was templated on Fi(II).soss

Q6>
Presumably this is due to the preference of Cu(II) and Fi(II) catioms for
 etereochemistries in which the bonding orbitals are in orthogonal
'arrang'ementa as oppesed to being pentagonally based.
Various 1+1 macrocycles have Been reported, examples a].ong with their
reference are shown in figure 9.%€—-7° Schiff-base 1+l condensations lead
to .asymmetric macrocycles. I‘_he larger macrocycles which_ are capable of

binding two metal ions can incori:orate two different binding sites.®”

(7o)

%)) | @q b
’\_,‘.QN_/ 0 ‘_\lf \/j \/
[ ' P

y |/ - l e

Ll“/ 0\) Iva. %-M‘e. :‘«.\Hle . N. N
Vb, R=Me, R’
1/ Vel ReH, RisMe . ‘
] ‘ . {Vd. R=H. R'=Me . 0 o
k/o\)

Figure 9 Schiff-base 1+1 macrocycles
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Hacrocycleé 'der_ived from 2+2 condensation are generally symnetric&l and

incorporate equivalent binding sites, selected examples are shown in figure

10.7\—77 )

' Figure 10 Schiff-base 2+2 macrocycles
. However, asymmetric 2+2 macrocycles have been produced by stepwise
processes. Macrocycles that incorporate different head units, or differeat

lateral units have been described and several examples are shown below.

o N
BT S
ol s

Figure 11 Asynmetric 2+2 Schiff-base macrocycles
Synthesis of the asymmetric macrocycle in which the lateral unite differ,
involved initial formation of an acyclic Schiff-base by reaction of a

diamine with two dicarbonyl species. Tlhe intermediate dicarbonyl was
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reacted with the different diamine either in the presence of a metal ion
to give the macrocyclic complex , or without a template ion affording the’
metal-free macroqycle." The macrocycle which incorporates ditferent
head units was obtained by reaction of a compiex of the open—chaili
diamine intermediate with a different dicarbonyl.”®

Lead(II) or silver (D) containing Schiff-base maci'ocycles or cryptands
can be reductively qémetallated to. yield the corresponding metal-free
amino deriv;ative."“ The reducing agents, sodium borohydride or liﬁium
aiuninium hydride are frqqueptly ‘used. Schiff—baee ma&ocycle_s and
cryptands prepared by non-template msthods have uisa been reduced to the
correepoﬁding anino form.2®

Although metal ion templates are " génerally used 1in Schiff-base
syntheses, several Schiff-base ﬁacrocyclaa gnd cryptands have been
obtained by non-template methods. Examples 6f su;:h ligands are shown in

figure 12.

éigure 12 Netal-free macrocycles and cryptands from Schiff-base reactions
The ease of non-template synthesis of the thiophene containing macrocycle
has been attributed to the predominant cis-cis confornalticm‘ of the
carbonyl groups .in thé precursar dialdehyde.®v.s! |

The use of s- and p- block catione as template ions has led to a

great variety of macrocyclic: complexes, including many that are
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inaccesaible by template on transition metal ions. The kinetic lability of

alkaline earth or main group templating agents has provided a synthetic

pathway to otherwise inaccessible transition metal complexes.

IRANSNETALLATION

Transmetallation is a metal ion exchange process. TIypically the template:
ion 1is réplaced by a different ion 'through an exchange process 1in
solution.*® The precise mechanism of the exchange is un’knowﬁ and may vary
from system to system. The metal-free macrocycle may be temporarily
liberated by the kinetically labile template ion, permitting capfure of the
free macrocycle by f.he incoming ion. Alternatively a concerted process may
aceur ;n which tixe inconing ion becomes partially bouhd to the macrocycle
before the template ion is fully reléased. The template :.L;Jn may be replaced
by one, or more than oﬁe incoming ions, as shown by the example .

illustrated in figure 13. -

N N cunt N N
{ Ba2+ ) — ( cum cu™ )
N N N N

Figure 13 Transzetalla‘tian reaction

Generally the .inconing ions have anglle#- ionic fgdius and/or form stronger

bonds with the macrocyclic donor atoms. The | incoming ions are 'conmbhlj

transition metalb ions, though transmetallation with other metal ions such

as the lanthanides®< or vanadium®® for example, have heen successful.
Although metal exchange generally does not alter the framework of the

macrocyclic ligand; there have been a few reports of nodification of the
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macrocyclic ligand on transmetallation. Ring contracted macrocycles such
as those mentioned eariier have undergone ring expansion on
tranemetallation. Metal exchange of the barium ion in the ring contracted

macrocycle (13) with two Cuz* or two Ag+ 1ions yielded the binuclear

complex of the expanded tetraimine macrocycle (figure 14).54

~
Me Me |
Me M P Me
Y(N:\{_— N : N
\ . N N

AR e
N o

Figure 14 Ring ex};ansian on transnetalla.ti'cm

A different type of  modification occurred in the attempted
tranenetallation of the Agt+ comf.»lex of the quinquedentate macrocycle with
Niz+ (figure 15)°% In fhia case, addition of methanol across one
azcu.nethine bond of the macrocycle resulted in formation of a macrocycle
with sufficient flexibility to provide donqre at pnaitinna approximating
to five of the corners of an octahedron. The Ni®* bound a sixth liga_nd to

obtain approximate octahedral coordination geometry.

S .
NQM' Me_

|

. N. N N
| G, -
\ewpy? '\/

Figure 15

=
| Me
N7 OMe
HNJ

: Hany' studies of complexee in which pairs of metal ions are secured by

macrocyclic ligands have been reported and several reviews of the subject
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have been published.®=-“¢ In binuclear complexea the ‘distance between
metal ions is dependent on ligand design; at short in‘t;ereationic distance
macrocyclic complexes facilitate study of properties dependent on metal-
metal interactions such -as magnetic coupling, electron transfer or modified
| red.éx properties. At larger separation, @ordinatively unsatﬁrated nmetal
complexes can bind br;dging substrates to form ‘'cascade’ coﬁplexes'" as
represented in figure 16.

/'—\Y

V%%

Figure 16 Formation of a cascade complex
The design of ligands capable of forming Sinuclear complexes requires a
consideration of various structural features.®”
- Nature of coordination sites '(l, 0, S, P> - the hard/soft nature of the
binding sites as outlined by Pearson's hard/soft acid/base theory
dete’rmiﬁe the selection of the cations. The Binding sités determine the
redox and substrate binding properties of | the metal ion.
-The 4properti‘ee; of the binding subunits, natufe and geometry (cheiating
,tripodal, cyclic), npumber and arrangement of coordination sites,
conformational and atéreochemical features. |
- Kacropolycyclic‘ architecture, the framework linking the binding aui)units,
ﬂature ,pumber and flexibility of the links, distax;ca between the binding
sites. |

A variety of cyclic structures which are capable of binding pairs of
metal ions have béen reported. Four of the more common ligand frameworks

and their binuclear complexes are represented schematically in figure 17.
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Figure 17 Iacmpolycyt.::lzc ligands and.t'beir binuclear camplexes
Many binuciear transition' metal macrocyclic complexes have been formed
by transmetallation of a Schiff-base macrocyclic complex.== 52 The
t'raﬁsnetallation approach has proven particularly successful in the
synthesis of binuclear copper(II)> complexes of tetraimine Schiff-base
macrocycles. Binuclear macroc\yclic complexes are ideally suited to act as
hosts for small bridging ligands such as OH-, N=~, NCS- dr imidazolate.
ﬁucl_z of this work involves 4icopper conplexes as these are of use‘as
speculative models for the bin;etallobiosites in copper proteins such as
tyrosinase or haemocyanin. However many macrocyclic complexes of other
transition metal 1ons which bind bridging ligands between the metal
centres have been reported.”=.ee-e= |

Lehn and Martell 'havé developed a series of macrocyclic ;nd
macrobicyclic ligands that; form binuclear complexes which. indﬁc’e secondary
binding of cmall bridging ligands.®”.3o~100 Various ligands and their
complexes are illustr;ated in figure 18. The macrocyclic ligand bisdien has

a téndency to form mononuclear complexes®?.®¢, presumably due to its
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Figure 1% Lebn's macrocycllic ligands and their complexes.
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flexibility, however ite ability to form binuclear complexes is greatly
enhanced by the binding of bridging 1ligande between the metal
centres.®<.8 The dicopper(Il) complex induces binding of a bridging

inidazole ligand, (27) which is repreesented below .87 .91

"W O

N

X HN//

N NN

@7

Magnetic éxchange studies on éonplex (27) showed the existence of
antiferromagnetic couplins with J = —23 cm"", a value which is_ close to
the value found for the tetra Cu(II) derivative of bovine superoxide
dismutase.®' The dicobalt(Il) bisdlen complex binds dioxygen to form tl‘xa
p-peroxé—p-hydroxo—dicobﬁlt " complex. [his complex 1is particularly
interesting .as it binds a bridging oxalato group and a redox reaction
between the two bridging ligands occurs. This results in oxidation of the -
oxalato group.®4 -

Binding constants for chloride and hydroxide anion by dicopp.er<II> and -
-monocopper (II) bistren have been dei:ermir;ed by a potentiometric method.®<
Comparison with binding constants for O-bistren showed marked
' stabilisation of the hydroxo-bridged speciee‘ within O-bistren, presumably
as a result of | hydrogen bonding .. 6f the hydroxo gfoup to one or moré c‘afl
the ether oxygens of the O-bistren ligand. |

Intereéting binucleating Schiff-base macrocycles have  recently been

reported by Nartell.'®' The binuclear -copper (I) complex reacts with
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dioxygen giving a dicopper<II) complex of the modified macrocycle

containing a bridging phenolate oxygen donor and a hydroxo bridge as

shown in figure 19.

Figure 19
The cryptand shown iﬁ figure 20' provides an exanmple of"a ‘chelate
macrocyclef -which binds a oopéer(II) ion in the macrocycle and another in
the chelating bridge.®” As a result of their different binding sites, the
two copper ions have markedly differemt redox potentials. The copper(ID
bound in the sulphur containing macrocycle is reduced at +550 mV whereas
the second copper 1s reduced at much less .positive potential +70 mV,

suggaeting relatively facile formation of a mized valence cryptate.®”

L
\s

Dicopper (II) complexes of the 2+2 furan containing macrocycle (28) are

Figure 20

readily reduced to dicopper(l) macrocyclic complexes on bheating in

acetonitrile.'°* However, in this case the ease of reduction of the Cu(H)
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ion when bound ir the macrocycle has been traced to geometrical
factors.'®2 The 'planar confornmation of the macrocycle preferred by Cu(ID)
‘caugses severe steric hindrance between the bridging groups and the

uncoordinated furan oxygen atoms. : .
Me

Me

(28) 29>
The steric hindrance is effe;cti.vely removed if a tetrahedral geometry is
attained. Tetrahedral coordination suita Cu(l) but is less acceptable to
Cu(Il) thus facile reduction is promoted.

Mixed valent diéopper conplexes of macrocycles such as (29) have
been obtained. The binuclear copper macrocycle was synthesised by Schiff-
base condensation on copper (II). One electron e’iectrochemical reduction
gives the mixed valent Cu(II)/Cu(l) complex which exhibits photoaseiafteid
and thermal intramolecular electron transfer.'®® The coinplex exhibits a
seven—line esr aspectrum in solution, indicative of interaction of the odd
electroﬁ with both mnetal ogntree. At lower temperature the odd electron
becomes lo_calisad and a four-line esr spectrum results.

The effect of reduétion of the imine functions of t‘he Schiff-baﬁe
macrocycle o@ the redox beha_vioub of the dicopper' complex (29) hag been
investigated.'®+ The stabilify of thé dicopper (I and the mixed valence
Cu(ID)/Cu(l) species wer;e found to 1ncr_ease with increased ligand

unsaturation. Dicopper (III) species and mixed valence Cu(Il)/Cu(III) were



32 -

reported for the reduced derivativee Electrochenmical studies on dicopper
complexea of similar macrocycles  have been reported,'<® In all cases
diatinct one-electron transfer processes occurred, unlike the cooperative
two-electron procees found in Type 3 copper proteina

'Féce to face linkage of two macrocycles by two bridges provides a

vgried range of cryptands,'<®%-'°? pxamples are shown in figure 21.

S aNia e AN
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RN R (i

o .
(N/\/S\/\N) C /\,S\_/S\/\Nj LN/\,S¥_/S\/~M
ind WA A S
(30) (31) | LY |
Figuré 21

The dicopper(II) cryptate''c of ligand (30) undergoes a reversible redox
change at markedly positive potential (+ 455aV), a value similar to that
. found for biue copper proteins. An interesting .mixed valence Cu(IID)/Cu<D
cryptate is farmed with the asymmetrical ligand (31) shown in figure 21.
The Cu(I) and Cu(II) 1ions are probablj located in the 18- and 12-
. men.bered rings respectively.®” | N /_\
I\ ‘ (\ 0 O/-\|

~,

N2 o ‘ [:K/o\_»_/o\)Noj

seeleos
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Heterobinuclear cryptates of. cryptand (33) _ have been reported. The
cryptand @G3) binds Rh-CO at the pyridine binding site and .binding of
Cu(I) has been detected spectroscopically at the cother binding site.'°®
The orientation of the carbonyl ié such that it points towards the metal
bound by the macrocycle, and thus it may be activated towards ﬁucleophilic
reaction at the carbon <:'entr‘e."W A hacrocycl;tc bis-anthracenyl cryptand
(34) displays Yreinarkat;le fluorescence propertieé which are modified by
binding of rubidium ioms. ‘The X-ray .crystal structure of the binuclear
rubidiun conpiex was reported.''° | '
Many macrocycles that incorporate the phenol group or OH groups as
part of the macrocyclic framgwofk have been synthesised.'''—''® Emﬁples
are shown 1# figure 22 The deprotonated hydroxy or phenoxy (RO~) groups
are capable of acting as endogencous ‘bridg'es betyeen adjacent metal
c;ntrea, thus the larger macrocycles of this typé are suited to binding of
clusters of metal ions.''® A tetranuclear Mn(II) complex.of macrbcycla

(35) results from 4+4 Schiff-base condensation using manganese(II) as

the template ion,''5-''7

- Me :
| | —N 0 N
N OH \M/ \M/
7 AN
OH HO M
(29 N A Q)
N OH N ) /H\ /M\ .
| ‘ N 0 N
: -\ Il
‘ Me . _

1(36) . 3D
Figure 23
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The nanganese complex of (35) has potential as a structural model for the
manganeée bioproteins of photosystem II. The active site of the
photosynthetic oxygeri evolving complex is now generally believed to

contain four Mn(II) ioms bridged by oxygen donors.'z® Macrocycle (36)

also Binds a tetranuclear cluster of mngﬁnese ions.' ™=

Hacfocycle @7 bincis a tetranuclear cluster of Ni(ID 1ons.i‘é A 343
Schiff-base macrocycle which binds a hexanuclear clugter of copper ions
was reported recently.''4 Two hydroxo groups occupy t_he céntral cavity and
each bridge a pair of copper 1o‘ne. ‘farioua other classee of maci‘ocycle
also bind metal_ ion clustere.'&!.122 The trinucléating mucrﬁcycle (38) was
reported by Lehn and cowarkers'=' and is of interest 1n' view of the
recent structural 'determ:l.nationA of a trinuclear copper (II) site in
ascorbate oxidase.’2*® The macrocyclic iron-sulphur ‘FeaSa clusters 39,
which are reminiscent of ferredoxins, have been used in electrochemical

reduction of COz= to give methancate.'*=

N LS Fe —
I\\ / \ Fe-l—s ' :
AN N/ NH x ST—Fe (1) X = ~COCMer
¢ N/ ~ (2) X = ~COCeH.CH () .
NS X\’ (X=LCOCH~(p) -
\ (CH2)3 / (The CO part of X is bonded to N}
(38) ‘ 39).

Relatively few examples af heterobinuclear nﬁcrdcyclic complexes have been
reported. However ' heterobinuclear conplexes have been obtained baoth with

asjmnetrical macrocycles which incorporate ncm-eéuivalent binding sites
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a;nd with aynﬁetrical ligahds which offer the same binding site to each
metal ion. A seriee of Cu,(‘II)/)I(II) ( X = Mn, Fe, Co, Ni and Zn) complexes
of macrocyéle (40> have been synthesisaed.'24 The reaction sequence shown
in scheme 17 was used 1n. the aintheeis -of ithe Cu/K complex (¥ = Hﬁ. Fe,
Zn) however the’ F1(ID/Cu(Il) complex was only available if NidID) was
bound in the N204 site of the open chain intermediate, with subsequent

addition of Cu(II> before the final ring closure.

(@\ §
2 "@\n M, () "/‘\" M (m H N‘C“z’:NH

. /
A

.9 ~n. O N
° v ° \ ,M! < \M‘/ \M!’ >
4 rd
+ ) R Y

HNCHy )y NH, K@F I : |

*2
M_(IIIM (II)L - TM (DM (O

o

Scheme 17 - (40
-The redox properties of fhe éeriea, Cu(Il)/Ca(Il} excepted, was
investigated and the observed changes in th.e properties of _tha Cu(Ild ion
have been ascribed to some farm of metal-metal communication between the
Cu(II> and the other transition metal ion bound by ‘tha macrocycle,' 25
The Ni(ID)/Cu(ll) complex of macrocycle (41) was formed by additiqn of one
-equivalent of nickel ac;tate to the acyclic ligand, followed by addition of
diefhylene triamine and another equivalent of copper acetate.'==.'27 |In

. addition a hetercbinuclear complex containing uranyl<IV) was repoarted.'=<
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Heterobinuclear PLUID/KUD macrocyclic complexes . where N = Nn(ID,
Fi(II) and Fe<II) have been - obtained by transmetallation of the dilead
macrocyclic complex of macrocycle (42).'2® A F{(ID/CudID complex of .

macrocycle (43) has been reported.'z®
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43) : 44)

The mononuclear copper(II) complex of the macrocycle was formed initially
and reaction with Ni(II) acetate gave the heterobinuclear complex.'2®

A series of heterobinuclear complexes of 1+1 schiff-base macrocycles such
aé (44) have been obtained.'®%.'*' The barium complex obtained in the
tenplate’prnoess was reacted with Ni(II), Cu(ID ur- Zn(II)' to give the

heterobinuclear complex.

POLYAZAMACROCYCLES AND THEIR COMPLEXES

Netal &mplexes of polya?anacmcycles display unusual an& potentially
~ useful -~properties. such as high kinetic stability or stabilisation Ezf
unugual oxidation states of the metal, often high oxidation states are
stabilised. As N-donor mb{crocycleé, they are particularly suited t(oi
cnmplexaﬁicm of traneition metal 1op§, whareas in their protonated form,
they'are capable of binding anione. Much of the récent work on the triaza

" and tetraazamacrocycles hag involved medification of existing macrocycles
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to produéa. pendant arm species. The pendant arms are generally
functionalised so that they provide another donor for the metal ion, or
provide means of iinking the maérocycle to another molecule. Péndant arms
incorporating primary amines, pyridine, imidazole, phenol, thiophene, and
bipfridyl ‘have been reported, among others.'2-137 Further variation
results from the attachment of the arm to either nitrogen or carbon atoms
of the. macrocyclic framewor];. 'rhe nuﬁber of pendant arms attached also
varies, examples with between one and four arms have been reported.

Some 61 the more recent examples are shown in figure 23,

M &, ”

,"/\. ’ SH s
( o
= N :

NH HN<_ WMe
\( )\ | i
’ N
NH HN . |/\\

Me

‘2 Me HS N N [ ]
CH,NH, — HUH
(48) (46) HS (48)
(CH) .
r( 2 " e, —ca

Figure 23 Pendant arm macrocycles

Iriazamacrocycles coordinate the transition metal ion tacially to torm
either v1:1 complexes where remaining coordination sites on the metal can
be occupied by thé pendant arm or other ligaands, or fbrn 1:2 comp’léxes
where a metal ion coordinates to two macrocycles foniing a sandwich
structure. By contrast’ the transition metal 1in te’craazamécrocycles

generally lies in the plane of the ring (size permitting) and only 1:l
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complexes are 'formed.‘a""a’ fhe introduction of pendant arms to a
- macrocycle was found to modify various propertiee of the macrocyclic
complex. Both triaza and tetraazamacrocycles dieplay.ed increased
ctabilization of the metal complex on addition of a chelating pendant grm..'
However N-functionalised species were more susceptible t'owards
dissociation in acidic conditions.'®® In addition the kinetics of metal
éoni:lexatinn were altered. Thev capture of a metal ion by a pendant ?rm was
shown to aid in transfer of the met_al ion into the macrocyclic cavity,’'==2
an ability of use in metal ion sequestration.'=+4
‘A8 a result of the marked kinetic stability of pendafxt arm
macrocycles, medical uses invol#ring metal ion tralnaport have‘ been
investigat'ed. A functionalised pendant‘ arm provides a site for attachment
to . monoclonalv antibodies, perinitting the transport of an imaging or
cytotaxic radionuclide speciﬁcally to a tumour.'®7.'39-141 [ge of 13 and
14 membered mcrmfcles (45) shown in figure 23, for example, pravide
stable s4Cu or <’Cu compleitas of use 1in imaging or therapy.'=?
Incorpoz:ation of ionisable groups into pendant' arms provides access to
neutral complexee of metal ions which havé the 'higher lipophilicity
required for use of radicactively labelled metal complexes in 11.naging
organs such as the brain or heart. For example the hexacoardinating ligand
 46) which has three ionisable groups prov-idee a NaSe® core for binding
gallium III ion.'<=
An intereating gadolinium complex of a pendant arm m;crocycle (47>
has been prepared'<? .for use as a paramagnetic c_ontmst agent in magﬁet'ic
- resonénce 1mging.““‘4A' *® The X-ray crystal structure of the complex has
- been dgtermined.“-"' Fabbrizzi'4¢ has reported an interesting NicCID

complex of a functionalised cyclam which acts as an acid/base indicator
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due to yellow/blue colouf change on change of spin state of the Ni(II) ton.
Coordination of the pendant arm to Ni<II) gives high spin Ni(II) which is
blue in colour, on change of pH the pendant arm no longer coordinates the
netgl ion resulting in séin pairing of thg NidID) electrons, a change
. accompanied by yellow colouration. Similar effects have been observed by
Hay'4” and Kimura'®<¢ using the Ki(ID cémplex of a pendant arm cyclam.
Generally the pendant arm coordinates to the metal ion bound " in the
macrdcycle to which it is attached. Haowever in a few cases the pendant arm
complexes other metal ions. For exainple a heterobinuclear complex for use
as a photaredox catalyeie system has been synthesised usiﬂg a pendaz'xt arm -
cyclam.'4® The bipyridine-pendant cyclam macrocycle shown in figure 23
was used to form a complex with Ru(bpy)2Cla, the heterobimetallic compiex
waé formed by insertion of Ni (II) into the cyclz;n moiety.'®” Fabbrizzi
hag designed a mono N-functionalised cyclam which acts as a carrier
capable of performing sélectiva electron transport across a liquid
menbrané."? A series of 12-16 membered tetraazamacrocycles was
investigated by Paoletti'®® and it was found that that the i4—nembered
ring coordinates most strongly with 3d metal catioms.

Various bis-macrocycles have been reported and selected exahples are

shown i{n figure 24.

/N (NH NH HN NH HN> HN/ \NH HN/ . \NH

g N_R_ Coo XD

H\N :>_-<NH AL e TR Mg
D . ‘ (52) (53)

Figure 24 Bis-macrocycles
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)(acrogyéle'n bhave boeﬁ linked via F-F'4®.'=° or. C-C bfc:on.t:ls."‘""f'2 Cyclan
nau-ocjcles have also been joined at a.<eingla qua.torn.ir'y carbon .atom
forming C spiro bicyclams (53). Bia—ﬁcrmycles "torm binuclear complexes
and display varying dagrogs of communication between the met..:l 1ons-. [wo

consacutive one electron redox steps hm_we been obsaerved in homobinuclear

~ bis-macrocyclic complexee. Redox change of one metal ion affects the radox

change of the other metal ion implying communication between them.
Large polyazacycloalkanes such as (54> and (85), incorporating many

nitrogen atoms are of interest as p.olytop;c raeceptors for metal ioms.

(54) ' (55>
The nmacrocycles containing from eight to twelve nitrogen atoms have been
investigated by Paoletti.’=+ Stable binuclear complexes were formed with
H8-H10 rings, Ql_mraaa trinuclear species were obtained with the larger
polyaza rings.

Thio ahaloguea of the pplyamaa-pcycles of varying ring eizes have
been reparted.'=s.'128 Sulphur‘ .donor macfocycles tend to favour the
generation of low ox:ldatioﬁ states due to the m-acidity of sulpﬁur d_onors,.
Often high‘ positive redox potentiale for the Cu(II)/Cg(I) raduction are
observed. Alti:ough the redox potential is cﬁten sinil#r to that found in

blue copper proteins, the applicability of copper complexes of S-donor
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macrocycles as models can be hampered by oxidation of thie sulphur donor
sites of the macrocycie.""’ Various other types of macrocycle aleo
incorporate sulphur donors, some eximplea are shown below. _Méthl
complexoe of come of these have been reported, for exipple binuclear
rhodium or palladiun complexes were obtained by metal insertion into the

free macrocycle (57).'=®

o ‘ . PPh P -

) S./\/\s . : heP
N - . "
| - S

NN
o

. . .
S s VNV
NN\ L ‘-0
. X3S
¢ (5T _
56> : (58)

' The phosphine functionalised pendant arm macrocycle (58) is capable of
forn'ing heterobimetallic complexes, binding a lewis acid metal centre in
the macrocyclic ring and a reddx active metal centre between the
functionalised side arms.'=®

The catenate (59) described by Sa_t.wage is a particularly interesting

macrocyclic complex.'s°.1%! '

(59> ' (60>
The catenate was broduoad. by template synthesis on Cu(l) and only the N

donors coordinate the '‘soft’' copper(l) ion. Catenates of metal ions CudID,
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Fi(D), Li+, Ag(D, 2o(ID, Cd(II) have been prepared by insertion of the
~metal ion into the free catenand. The catenand provides a distorted
tétfahodral site for coordination of the metal ion. Low oxidation states of
the metal are stabilised' due ‘to the nm- acceptor - ability of the
phenanthroline groups. In addition, ‘the poor ligand field .of tetrahedral
: co;:rdination destabilises higher oxidation states of the metal. Marked
stabilisation of the lower oxidation state 1is particularly evident with
the copper (II)/copper (1) redoxA couple. The tetrahedral coordinz'atic;n site
suits copper (I) but destabilises copper(ID. fhe combined effects of
preferred geometry of the Cu(II) ion and the bigh n-acceptor ability of
the ligand reéulté in high positive paotential for the reduction of Cu(ID)
to Cu(I). Catenates nade up of three interlocked fings and providing two
phen based binding sites (60), have baen reﬁortad.;-:‘z '
Lindoy’“"'“'é has developed an interesting series of macrocyclic
ligands with the aim of achieving ﬁetal ion discrimination (figure 25)."
Parameters of the macrocyclic ligand such as ring size, the ﬁature of the
donor atoms and the degree of substitution on the mam-ocycie were varied
in a systematic way and a matrix relating macrocyclic structure and

coniplex stability with a metal ion was prepared.

(' ) ) X m e} o]
CH
/N c 2 2 1
X X= o) 2 2 2
e 2 3 2
=N N 0 3 3 2.
4, N_ © S 2 2 2
TR s 3 3 2

Figure 25 Nixed donor macrocycles for metal fon discrimination
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" The gr;.ldual variation in properties along a series of closely related
liggnde can trigger a sudden change 1in coordination geometry for
cénplexee of adjacent ligands. This haa been termed a 'dielxation'. The
oeeurreﬁce of dislocations aloog a ligand series for different ions and
can form the basis for discrimination between these iomns. |

The affinity of a particular m&crocycle for some metal ions can be
'détuned' by appending bulky. subetituen‘f gi'oupe to the macrocycle. Steric
in*l_:eracfion of the bulky substituent can prevent th'e macrbcycle providing
an acceptable coordination geometry to a metal ion with specific
coordination requirements. Nacracyclee euch as (61) have been synthesieed

for this purpose.

OO
: 0\—/0

61)
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MONQ-METAL ION CRYPTATES,
.Various transition metal cryptates incorpaorating a-diimine binding groups
have been synthesised by template mefhods. In all cases the transition .-
metal ilon is .6-coordinate and bound to three a—diinine groupe. The
synthesis of a cobalt(IID) cryptate (5) from reaction of potassiun tris-
(dimethylglyoximato)cobaltate (III) and boro;l trifluoride etherate in ether
was described by Boston and Rose.'# The orange-red complex contains three
dimethylglyoximate ions “"capped” at both ends by BF groups. Iodide ion
has been used td reduce the cobz;lt ion from 3+ to the 2+ oxidation state
while leaving the cage 1ligand intact.'€* In the complex, the X6
coordination polyhedron has D» sfnnetry and is only slightly distorted
from  trigonal prismatic geometry.'€? Electrochemical studies of the
cryptate have been ‘carried out and 7 CadD apeciés were generated
electrochamically.'s®

Synthesis of the analogous Fe(Il) cryptate was reported. Both BFa and
boric ;cid in n-butanol have been used to cap the cage ligand. Use of
boric acid gives hydroxy or -alkoxy substituents, which are derived from
solvent, on the baron capping atoms.'®?.'7°
The cage-like nature of the product bhas Been established by X-ray
diffraction. The Astereochemia_try about iron (<II) is intermediate between a
tr'igonal: prism and a frigonal antipriem, the twist angle being  16.5°.
Attempte to oxidise the complex chemically- to an iron (III) cryptate were
not at;oceesful. and led elther to decomposition products or no reactidn.
Oxidants used included Bra, Ia, AOz. H;Oz, Ce(IV)' and Cu(II). Attempted

synthesis of the analogous Ni(II) cryptate failed.
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Holm and co-workere developed a more genefal synthetic procedure
leading to a series of 6-coordinate divalent traneition metal

cryputes‘l7li,l72 ~ -4 ' 2

™
N
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(62)

The approach used by Holm features the synthesis of a trigonally
symmetric hexadentate ligand .with a phosphorous bridéehead and three
oxime parts Following coordination to a metal iomn Fe(ID), ‘Co<II), NidID of
Zn(Il), a cryptate (62) is formed by treatment with BFs or BF4~. The cage
ligand is designed to eﬁcapsulate and impose a trigonal prismatic or near
trigonal prismatic geo;netry on the first row transition metal ions.
However, two factors may prevent the attainment of trigonal prism;ti;:
coordina'tio'n. The metal ion mnmay _have a. configuration thaf favours an.
alternative stereochemistry or the metal ion may be larger ar smaller than
the cavity of the m‘yptgnd. The X-ray structure of the nickel cryptate has
been repo_rted"a'and shows the stereochemistry about the nickel Vion to be
almost trigonal prismatic (twist angle 1°35"). .The Co(II) and 2n(ID
cryptatea!”+ ‘also have small .tw'ist angles whereas tl}e low spin iron(ID
complex has A.much larger twist angle.'75-'79 An X-ray crye;tal_ s_truéfure
‘shows the coordination sphere around the iron ion to be Qistorted by

~ approximately 21.5° from trigonal prismatic geometry.'?”?
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Initially, it was suggested that the conformation adopted by the
iron(II) complex was a compromise between trigonal prianatic‘ geometry
inposed by the ligand and the preference. of the low spin iron ion for
octahedfal geometry. du-e to the bhigh crystal field stabiiisation energy
associated with a low spin d® ion. Howaver, Churchill and Reis later
concluded that 1ligand field stabilisation effects were more important in
flexible ligand systené. The geometry of the metal coordination sphere in
the sefiee 6f rather rigid &age structures was consistent with being
determined by relative sizes of metal ion and the cavity- of the ligand.
The 1iron(ID -ion was saild to be too small to fit the cavity without
causing severe distortion towards octahedral 3eone£ry. The Ni(II> iomn is
close to ideal size but both Co(II) and Zn(II) are slightly too large and
significant daviatio;xs from threefold symmetry are observed. The Ni(ID
and Co(Ii) cryptates ‘were reported to be high-spin, whereas the ?e(II)
cryptate was essentially diamagnetic.

- The non-occurrenco‘ of a Mn/ID derivati;re was said to be a size
effect. Attempts to prepare the Cu(II) cryptate were alsa unsuccessful,
presumably' this is due to unfavourable spatial arrangement of rea_ctive
sites so that closure cannot be accomplished and/or unfavourable stability
of the intermediate ‘_ccmplex. A comparison of the' properties of the
cryptates and other complexes with trigonal prisnati.c or trigonal
a;xtipriaﬁatic and intermediate étereochemistries has been made. Factors
controlling the stereochemistry adopted have been discussed.'”®

Goedken and Peng havg réportad synthesis of metal ion cryptates (63)
in 'a metal ion directed condensation of butane-2,3-dihydrazone with
formaldehyde.‘°° Metal ions Fe(II), Co(II) and Ni(II) were successful as

template species, however bath Zn(II) and Nn(II) failed to give cyclisation
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products under similar conditions. The low spin Fe(II) cryptate was found

to be highly stable in acidic solution. ot
) : -

\T Me
) A(63) : J

Elegant examples of the use of the template method can be found in the
syﬁthesis of macrobicyclic cobalt amine complexes by Sargeson and
coworkers.'®' A wide variety of mononucleating cage ligands iricorporating
anino nitrogen donors have been reported.?!:.'®z.1@3 Netal ion cryptates
were synthesised by reaction of inert neﬁl ion cc;mplexes such as
Eéo(én):.]“* (en = ethylenediamine) with formaldehyde and' anmonia in basic -
solution; a 95% yield of the cobalt(III) complex (64) was reported.

-3+

(64>

An X-ray crystal structure demonstrates the macrobicyclic nature of the
product and shows that the cage contains six nitrogen donmor atoms and two
aza caps which are not bonded to the metal ion. The mechanism of the

" reaction is shown in scheme 18.
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Scheme 18 Proposed synthesis of [Co(III)Sepulchratel®~ ion

Synthesis occurs with retention of chirality of the [Co(en)s] ** ion. The
electron self exchange rate for Co(III)/(II) sepulchrate was found to be
10* times higher than that for the parent Colen)aIII/II cc:uplca.‘e‘v‘:'as The
‘increase in the electron self exchange rate for cobalt within the cryptate
bhas been explained on the basis that the cavity of the cage is slightly
too large for Co(III) and ; little too.anall for Co(II> and the transition
state may be stabilised within the cryptand.

Template condensation reactions invblving inert metal complexes of
rhodiun(III),'®s iridium(III)'“¢ and platinum(IV)'®7.'@® with formaldehyde
and ammonia have been reported to give analogous cryptates. The yleld of
cryptate varied from around 40% for the iridium and platinum crypt;tes to
90-100% for tho'rhodi.un cryptate |
AIn the platinun and rhodium cryptates, the cage ligand was found to
stabilise unusual oxidation stat':ea of the metal. Platinum(III) transients
have been detacte;i by esr spectroscopy. The rare mononuclear Rh(II) 1om is
stabilised within the cage. Reductions of Rh(III) amine compléxes are
normally irreversible processes. Tha Rh(II) 1intermediates dimerise,

disproportionate and/or undergo further reductions to square planar Rh(D)

species.
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Use of nitromethane in place of ammonia produces an analagous cage

- with carbon atom caps and nitro substituents.'®? " NOy

HyN, HzN NHa HN, HN HN
ety . CHgNO, '. R
[ Mj j Ha2CO, base [ o j j

HNHN Ha HNHNHN

Scheme 19 NO2
The carbon capped derivative 'sarcupbhagine' (65) is more stable toward

disruptidn of the cage than is the N-capped 'sepulchrate’cage (64).

T ,J

65) Saroopbagjne

Furthernore, fun§t10m1 groupe wifh varied electron withdrawing or
electron donating powers can be attached to the carbon cap.”"° Numerous
substituente have been décunentad. including -NHa2, -NHa*, -N (CHa)a™,

" ‘lﬂzlﬁs;. -NHOH, -KO, -NO2, OH, C1, Br, I, COOH, COOR, NHCOCHa, '

-CONHa, CH, .CH=OH and KHCOC'H:..‘ Cryﬁtanda with different substituents on
either cap have been cbtained. These auﬁstituents lead to wide variation in
the.redox éotant;lai qt the encapsulated cobalt ion, a span of at least 0.6V
hag been reported.'®® The Co(III)/Co(ID) redox couple for the cryptates
. was revergible however reduction to. Co(I)> or the metal was irrqveréiblé

and caused cage rupture.’?’
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The extent of variation of redox potential with substituent is
surprising in view of the distance of the substituent from the metal ion
" and implies relatively close commun1éat1cm batween the apical substituents
and the metal centres. This conmunication is also reflected in the BHR
chemical shifts of the apical C atoms and the large coupl:lng constants
with the encapeulated metal ion.’®°:'®2 In addition, several of the apical
substituents introduced providé means of‘ coupling the cage to other
molecules. ‘As a result dimer cages such as (66) have been synthésiséd and
' the cage ligands have also been attached to éolymers ‘toc provide chiral ion

[ 2
:’\
" QH% ot 119(
-12%

ekchange columns.'#°

(66)
Asymmetrical cages have been obtained by stepwise capping processes a8
shown in scheme 20.

CH, CH,

CH,

N . . ,{\ | N\ N
GO i =IO
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. Schene 20
The nitregan donar sitea of cryptands have been derivatised by treatment
of Ca(lll) cage complexae with H202 in basic solution.”®® This results in
oxidation of up to three coordinated N sites to hydroxylanine groups.
Three complexee.  (figure 26) were isolated by ion exchange chromatography

and the site of oxidation in one of the prdducts was established by an X- ‘
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ray structure determination. Depwtonafio'n of the hydroxyl substituents

had substantial effect aon the redox properties of the caged metal iom.
A
rim " NH X

.NO'

NOH NH HN

NO;, : . ' NO, A
8 - 3NOH C - 3NOH 0. R . NO,
Figure 26

The synthetic method was extended to formation of cryptateé with
different cavity size in order to modulate redox potential of the metal ion
and investigate the eﬁecf on rafea ot électron transfer reactions. Tbe use
of al£ernat1ve chelating aninés in -1nert netal—anine complexes has

provided a range of cavity sizee.

NO, 3+
3 cn,o NH
N >A\> ; CH,NO, < >
\NH
Ha W,
) NO2
Scheme 21 _ @

The rhodium cryptata (70> obtained from reaction of tris(1,3-propane
diginine)Rh(III) with formaldehyde and nitromsthans has provided a
cz"yptand‘ with laréer “cavity which resulted in st#bilisat:l_.on of‘ the
rhodiun(Il) state by applroxinately 0.4V relative to that found° for the

rhodium complex ot (be equivalent 1,2-ethanediamime based cryptand.'®-The
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more rigid cryptate (71) wae eyntheaised by reaction of (R,R or S,S)

Co(trans 1,2 cyclohexhnediamine)a with formaldehyde and'nitrqmethane."’?

3+

(71
The cryptate (71) was found to he configurationally and conformat-:ionall‘y
rigid and substitutionally inert in both Co(II) -and Co(III> oxidation
states. As a result the cryptate was suitable for the investigation of
Co(II)/Co(III> outer-sphere electron .tran-afer processes. The Co(IID
cryptate of (72) waé synthesised recently by Hendry and coworkers.'®® As
a result of the methyl aubstituent;a' prafarence‘ for an equatorial _poaition
on the chelate rings, the cryptate has stabilised chelate ring

conformations.

72)

Tripod amine complexes o0f cobalt(III) have been used in cryptate
synthesis. The Co(tach)>2+ ion, on reaction with formaldehyde and
nitromethane under basic conditione. produces the cryptate shown in scheme

22'196
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Schene 22

In c'ry'ptate. (73>, a carbanion is stabilised -by delocalisation and an
aniné site is methylated. The ligand is relafively figid and bhas larger
cavity than those produced from Co(enla, resulting in greater 5tabiiiaation
of the Co(II) oxidation state relative to Co(III).'2%. |

The closely octahedral complex, Co(tame)3+ 81v§s a nixturé of products
on reaction with formaldehyde and nitrometbane in basic solution.'®” Four
major producte were isclated by ion exchange chronatography and are shown

in figure 27.

[+]

Figure 27

A crystal structure determination was carried out. on a major prodﬁct of
the reaction which was obtained in 10% yleld. The crystal structure shows
a nac:ro_tatracyclic crypfate containing three fused fbur—;nenbered rings,
. @iy~ of which are fused to the six-membered rings of the .ca-p.The three fused

four nembered rings result in distortions of 16-21° from octahedral values
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for five of the‘ N§-Co-N angles.’?” Another of the cryptates isolated: is
interesting as it has two highly strained 4-membered rings on one side
and the nitrometbane cap on the other side ﬁf the cryptate. As a result ’
the N6 coordinhtion sphere is. severely distorted from octabedral geometry
which 1is unusual ir Co(III) amine chehistry. In addition, the cryptate
shows the lowest reduction potential observed 1# Sargeson's Co(IIID)
cryptates, presumably due to ring strain effects that Qould inhibit
generation of the large.r. CodID 1ion.'5® The redox properties of the
macrotricyclic hexaamine Co(IID) complexes have been investigated.'®®

“An alternative approach leading to asymmetric cryptates has been
used by Sargeson -and coworkers and is illustrated belaw.‘ The synthetic
‘method involves synthesis of a pendant arm macrocycle (78), followed by
oxidation of a mixtﬁre of the macrocjcle and Co(ID) to give the Co(IID
complex, and fiﬁally ring closure using foi‘maldehyde and ammonia or.

nitromethane to give the correéponding macrotricyclic cage complex

(79).'s®

"‘?r—\ B | ({\ 3+
</~\N>’\,~N : Nt NH.
NG O

78) ' 79)

Cryptates containing both nitrogen and sulphur donor atoms have been
synthesised by a similar approach as shown in scheme 23.
An X-ray cryétal structure of .the cryptdta shows octahedrally coordinated

Co(III).2e°
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HS HgN s
' v + Hs}—ﬁi, —_ HIN/—-\S}_‘HS
N " Hg ) H,u\_-/s

:Co™ +Q
E‘ ) 3 l.(:hunmu:
{

WN. NHONH_ - NHg iy, NHy 3+
l >|°/J NMy7HCHO (Gct/‘j
® Li2COy @

CHs V CHy

[Co(cuupu_n)]'. . . [Co(un)]”

Scheme 23
A similar nethod has been applied to the synthesis of the pendant arm

cryptates, (80) and (81) as shown in scheme 24.2°'.2°=

3+ . . 4+
W/ ] )
o / \ H H/ \ H N NH; HN
D G Y & e ™ »
HzN N N NH3
\ /M H\ / > N, NH 2

Scheme 24 ‘ ~ (80)

8L
A cryptate (82) which has a smaller cavity has been obta;ned by a

;'earrangement of the parent crypate as shown below.

3+ +
NHy n, CHy

I
W i Q

NHy : a

Scheme 25 Formation of the absar cage by rearrangement (82>
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Recently Sargeson hae reported the synthesis of a pyruvate imine Go(IID)
complex which has been used in cryptate synthesis. A variety of naw

cryptates were cbtained as shown in scheme 26.2°2

5+ ' ' ,
(o} o ir O\ﬁn(mlz : o+
l N ' : : coH
] \'{Co(en)z 0 %NH ] ) 2 NH:\
H .
+ (o0 o
- :H; )1134 . 2\3;04';IHC| N, T N
/ . I\
N’ ,\N N 'L N7,
N . k'p
. Me ‘ ’ He Me .
Scheme 26

A l;mitation of the synthetic stra’qegy enplayed by Sargeson and coworkers
ie that inert metal-amine complexes are required for reaction. Atteilpts to
carry out anal‘ogous syntheses with more labile trien complexes have given
very poor yield of cryptate. A yield of less than 1% has ‘been reported for
Ni(II) sepulchrate formed by the template approach. The cryétal strug:ture'
of the conplex has been deternined, and shows the octahedrally coordinated
Fi(I) ion.2°4 Condensation about Cu(ID) gave a range of macrocyclic
products though the cryptate was not obtained. However, the metal-free
e_arcophaglinel cryptand has been obtained by treatment of the cobalt(ID
cryptate with eonco:ntrated HCi or HBr at high temperature(130-150°C).2°%
Many of the m‘fptatee, -particularly the N éapped cages do not.
withetand this metal ion removal process. However, recently removal of the
Co(ID ion from cryptand - (72) was achieved 1n- c;oncentrated - NaCH
solution.'®® The free macrobicyélic sarcophagine ligand (65) enca'lpsulates |
- a wide _rﬁnge of labile metal ions,2°® including Mg2*, Ti(IV), VIV IID,

CrcIII>, Mn(IID,(II), Fe(IID,(ID,. FLIID, (D, Cudll), 2nddD, Cd4(ID,
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“Hg D), Ag(II),- Ga(III> and In(III). The redox épan obtair;ed for tﬁe metal
ion couples of the sar complexes 18 approximately 2V , ranging from about
+1V to -1V. Redox couples occur at intervals of 0.1V using the sar cage or
di{¥Hz) substituted sar caga, pfoviding an inpressive array of redox
reagents.

Blectron transfer reactions of éncapsulated Ru, Mn, Fe, Ri sarcophagine
.cryptates have been investigated. Estimates of the self—exchhnge rate
constants for the H(sar)2+/3+- redox couple have been interpreted in terms
of irnown structural and kinetic data for the complexeé. ~High rate
constants were found where there was little reorganisation of the matal
-coordination sphere involved in the redox process.=®” [he relatively low
value for the rate constant for Mn cryptates reflects the large structural
differences between the Nn(II) and l(n(III)A complexes. The X-ray structure
determinations of Mn(II)(sar) and Nn(III)(sar) reveal a trigonally twisted
coordination ar:u-md Mn(II> and a strongly Jahn-teller distorted
coordination ar.'ound Hﬁ(III).”‘

. Various practical applicatione have been investigated for éargesdn's
cryptates. Cobalt (IID sepulchrgte was reported to produce hydrogen from
water after single electron red';xction in .an electrochemical process in
which the cryptate acts as an electron relay.2°’rEncapeulation of a coppér
radionuclide within the sarcophbagine cage has provided a kinetically
inert Vand aquecus soluble complex, this has been coupled ta monoclonai
antibodies for use in imaging or treatment of tumours.®'©

B A copsiderable amount of work has been reported on the ruthenium
sarcophagine cryptate.#''-2'2 The complex 1is of particular interest
‘because ‘of the potential of ruthenium conplexés a8 photosensitisers in

significant processes such as reduction of water or carbon dioxide and in
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catalyeie of oxidation processes. The ruthenium(II) cryptate was obtained
py metal ingertion into the free sarcophagine cage uéing the remarkably
labile Ru (DMF) ¢ (CF280s)2 complex.?'' | |

The pale yallew cryptate was extremely sensitive towards oxidants.
Thermodynamic and kinetic parameters of ruthenium sar have'been étudiad
and the autooxidation of Ru(sar)2+, involving H.atom transfer to Oz=- has
been investigated by elecrodhemi§a1 and spectropliotometric techniques.=' =
The sar ligand, when coordinated to Ru(III) <83), répidly undergoes
oxidative dehydrogenation'-"_-to introduce an imine group into the cap of the
ligand <é4).=’3 A stable ruthenium(II) hexaimine cryptate (85) hés keen
obtained by succegsive two electron oxidations (85). Bach mine‘group ,

_ 6tabilises the Ru(II) state with respect to Ru(IID) by approxinately 0.15v,

dﬁfh

[ L/ [ "~ [ 4 ]
Ru ) Ru
7/ l \ L / I \ /
HN"S gy NH HwH Kp
H H H
Ru(san®* ) Ru(imsar)2* Ru(hexaimsar)2*
83) 84) (85)

Although the photochemiéal properties of ruthenium‘ complexea cor;taining
.unsaturated nitrogen liga;:ds have been extengively iﬁvestigated. few
ruthonium<ID cryptatgs incorporating unsaturated nitrogen donore have
been reported. The polypyridine cgntaining cryptate (86) shows
extracrdinary stability towards phofodeconpoaition."‘-.‘“ about 104 times
" higher than that of Ru(bpy’s=*. In addition encapsplaticm of the ruthenium

ion enhances the excited state lifetime of the ruthenium ion.
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Various mono-metal ion cryétates have been obtained by organic synthesis
of the cryptand followed by metal insertion. The small pentaza cryptand
(87> has been used to form mononuclear cryptates of Cu(ID), Ni<II), CoA(II)
and 2Zn(II>. The X-ray crystal structure of the Cu(ID cryptate was
determined and demonstrates that the;Cu(ID ion is 5—‘coordinate and has
distorted équare pyramidal coordination within the cryétand. A similar
thiaaza -cryptand (885 was synthesised and 1its Cu(ll) cryptate was
described *'® A marked inertness of the copper cryptates tawards strong

acids was noted.

’b Me
N//\\/\E\//& HBr.H,0 | . HN(/;S H
& J ' @J |

Several cage ligande have been designed to mimic the selectivity found in
binding of Fe(III) by siderophores which mediate the uptake of Fe(III). by
microarganisms. Ferric iron is bound by six catechol oxygen donars both
in ferric enterobactin and in the synthetic analogues. The cryptand of

complex (89) has been synthesised by two alternative routes, a template
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method resulting in 90% yield and by high dilution techniques léading to

27% yield.21s-219

NN |
b,/ . :
4 -7 o | OR
‘ \/ ! ' NH NH NH
o 4% N
89) | . (90).

Vogtle and coworkers have reported the syntl;esis of a similar ;:ryptand
containing a la;ger bridgehead unit based on 1:1'113!1@11-7lbenamne."‘’‘-"-220
Asymmetrical ligands such as (90) have been obtained.z'®

A new synthetic cryptand siderophora (91), containing three
- endocyclic hydroxamate donor groups was.reoently reported by’ l(artell.“‘“.
The cage was prepared by tripodAI coupling of a tris acid chloride with a

tris O-beﬁzylhydroxylamine. Complexes of Fe(III) and Ga(IID were

ey

OO.'O

- prepared

oL
The selectivity of a series of cryptands (figure 28) for toxic metal ioms

has been investigated by Lehn and cowarkers.?3= High selectivity for
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complexation of toxic metal cations Cd=*, Hg** and Pb®* with respect to
. biologically important cations (Na*, K+, Mg=**, 2Zn2*) was achiaved by
manipulation of the structural parameters of cavity size and the nature of

SV B
SAN N CAA SN S A

"

N B |
N,\/ /\/ N/\/O/\/O/\JN N,\,O/\/N
/ N\ k/ LS \) B t o\_/o i
Chy Oy :

Figure 28 |

" The Na04 cryptand was found to have selectivity for cadmium, mercury and
lead ions with respect to zinc(ID .aa high >as 105,170‘91 and 10°
respectively, which is. of obvious interest in detoxification, either in the
body or in environmental depollution.

Stability constants of the cryptands, shown above, have alsao been
measured with alkali or alkaline earth metal and tfansition metal iomns.
The stabilities and selectivities for group 1 and group 2 cations
decreased as the nunber of N donors in the cryptaﬁd increasad. Remarkably
strong complexation properties toﬁards transition metal ions were observed
in tﬁa N404- donor cryptand. The intramolecular cavity of K305, N404 and
B602 1is too large for the sx;lail cations C.o,”.uiz*,an* and the complexes
formed ﬁre weak, however these cations are strongly complexed by. the
smaller N404 cryptand.

_ Several mononuclear cryptates of lanthanide ions have been reported. These

are included in the following section.



In view of the similarities between lanthanide (III) ions and group (11).
metal 1qns, such as their relatively ‘'hard’ chafacter and the often
slectrostatic nature of their bonding, it is not surprising that lanthanide
ions are effective template species for 7Schiff-baée macrocycles. - The
synthesis of Schiff-base macrocs;clic conplexes of lantbhanide io'ns has
recently been reviewed by Fenton and Vigato.®® The synthesis of a Schiff-
base macrocycla employing a ianthanide tenplate ion was first reported in
- 1979. The reaction of 1,2 diaminoethane with 2,6 diacetylpyridihe on
La(III> or Ce(<IID gave the 2+2 macrocycle <¢92) whereas the heavier

lanthanides were found to be ineffective as templates for the 18 membered

rins.zza 224

N
l ~
z |
| N ! N/
N N | |
N N
C ] L X
N N . Nl lN
| |
/N I /N
NS \N I
92) | 93)

More recently though this wari was reinvestigated and complexes of (92)
with anllef the lanthanides, except promethium which is radiocactive, were
objtainecl. It was found that the ease and yield of the aynthgsia dep'envded
on the counterion present, good oxjgen donar anionic ligands such as
~acetate were found to favour the reaction to a gfeater extent than
chloride or perchlorate.=2*5 Lanthanide ‘complexee of (92) have also been
obtained by tranemetallation .of the barium complex.*<¢ The lanthanide
complexes of (92) were resia‘tant to hydrolysis and 'H NMR experiments

indicated marked stability towards dissociation 1in D=0 unlike the
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corresponding lani;hanide complexes of cyciic polyethers. In additionm,
typical precipitat.ing agents for Ln ions, such as fluox;ide or hydroxide
ion do not remove the lanthanide ion from the complex. Recently a
lanthénum Schiff—-base macrocyclic complex of (82) was shown to be an
effective catalyst for the hydrolysis of the phosphate ester 2,4-
dinitrophenyl diethyl phospbate.?%” The complex has potential as a model
systen far metallo-phosphatase enzymes and as a catalyét for
detoxification of anticholinestex_‘ase agents used in chenical warfarae. The
complex is kinetically stable to " dissociation in water. The crystal
structure has been reported.?zl’ Lanthanide (IIT) ions (Tb, Dy, Ho, ér. Tm,
Yb, Lu) were effective in template synthesis of the 14- membered
.maérocycle (93)5%.22%, The complexes of the 14 membered macrocycle were
susceptible to hydrolysis.

The larée “ionic radius ‘of the lanthanides combined with tﬁe
elecrostatic nature of their bonding with lhigande lead to high
coordination numbers in theif complexes.=2® The 'ﬁx-ray structures of
'conplexee of (92) shaw a atéady &ecreaae in coordination number from
lanthanum to lutetium ‘La=12. Ce=11, Nd=10, and Lu=9.22®.230.2a 'SAinillar
trends have been noted in lanthanide complexes of cyclic polythers.:z® 23!
Tﬁe' hnthnide ions, except promethium, bave bgen used as template ions in °

o

the synthesis of macrocycle (94).,22=2

I\
] N7 H
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N |
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=
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N
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The lighter lanthanides La-Pr and Bu gave coiplexea of macrocycle (94).
whereas the heavier lanthanides (Nd-Lu, except Eu and Pr) gave complexes
in which a water molecule had added across an imine bond of the -
macrocycle affording a cardvinolamine species (95). The resultant increase
in ilexibility of the macrocycle makes it capablé of accdmodating the
smaller lanthanide ions. The X-ray crystal structure of the Pr complex of
(96) was feported by Bombeiri.*?? The praescdymium ion was 11 coordinate,

using the six macrocyclic donors, two bidentate nitrates and a methanol

molecule. a . T
TN i I
N N / \
) @N ND R A R
| ]
R | N2 R \N N7
> ‘ | I

a; R = Me
(96) 97

Schiff-base 2+2 macracycles containing furan head units such as (97), have
been .obtained using Ln template ions.2®% The lanthanum complex haa' been
transmetallated to give the dicopper (ID cdnplex. Macrocyclic 2+2
complexes derived from phenols have Seen produced by template on
lanthanides and ring contractions on use of smaller lanthanicie template

ions have bee_n observed .29%

o] Ja+ B cl ' T 3+
H
7 N
N on
\ N
ring 1 BN [
contraction /
<__N \OH N
| |
{
L Cl A L J

Figuré 29 Ring contraction of lanthanide complexes
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Homo and heterobinticlear lanthanide <(III> complexes of macrocycla (98)

were reported récently =37

' ' N9
R
-l
(98) : (99)

The heﬁrobinuclm complexes (99) were obtained by an in situ prodedure
involving synthesis of the macrocycle and successive addition of the
lanthanide ions Ln and Ln‘ where (La,ln' = La,Sm; La,Gd; La,Eu; Gd,Bu; Gd,Tb;
Bu,Tb among others).‘ Data presented asupports the formation of
heterobinuclear si:eciee but dbee not prove it unambigucusly. Fast atom
bombardment mass spectroscopy of the heterobinuclear complexes was ﬁot
reported.

Pyridine containing 1+1 macrocycles such aa‘ (100), bhave .been
synthesised by template reactions on lanthanides. The diamino reactant
generally contains several O or X | donors in addition _to the primary
amino®?® groups providing high coordination number at the metal centre.
The 1+1 complexes readily precipitate metal hydroxide on dissolution in
water. | ’ } . fﬁgrwﬁrﬂuf\

AN 'aYaYaYal
| NH NH-NH
Me ~ Me

: MM
| ] /—\NH NH
N

N
\_ R ,/ ﬂNON/D

(100)
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The first preparation of a lanthanide cryptate was reported in 1977 by
Gansow and coworkers.**® (ryptates of the tripositive iona ‘lanthanum.
praesodymium, europium, gadolinium and ytterbium were obtained by metal
insertion into Lehn's polyether cryptands 2:2:1 and 2:2:2. The europium and
gadolinium cryptates exhibited kinetic stabilityiin vwater and were claimed
to be the first truly substitutionally - inert lanthanide complexes. As ‘a
result, the Gd(2:2:1)2+ 18 of use as a T: shiftless relaxation reagent for
NMR spectroscopy.?4° Electrochemical atudiéq revealed that encapsulation
of the europium ion had remarkable effect on the Eu(IID)/Bu(II) redox
couple. The Eu(2:2:1)3*72~ éhnwg revergible electrochemigtry, unlils the
aqueous Bu<III)/(II) couple.?3® The 2+ oxidation state of europium was
stabilised relative to the 3+ when enc;peuléted '1n the 2:2:1 cage. Since
this 1initial paper, the study of the lanthanide cryptates of Lehkn's
polyether cryptates has been extended to include elmﬁmhenical atudies.
‘of the europium 2:2:2 cryptate and ytterbium cryptates of both 2:2:2 and
2:2:1 .24 242 243

The effects of varying the metal oxidation state on cryptate

thernodynnniés and kinetics have been investigated. The stability
constante of lanthanide cryptates have been measured 1ni various solvents
using a variety of methods,24°.244.248. {p aqueous suljution using pH
titration methods,24® in dimethylsulphoxide using visible apect;oecopic
techniques,®*4” in propylene carbonate by electrochemical methods.?4®
Electrochemical studies have alsc been used as a probe for the degfee of
ahielding of the laﬁtﬁanide ion from 1:11:«az'a<=1:1.t:ml with solvent in polyether
cryptates.*42 The inclusive nature of the polyether cryptates of La?®c¢

Bu2®' (b), Sm=*~* and HN4=~= has been demonstrated by X-ray gryatal

structure determinations. The lanthanum ion - was 12 coordinate, whereas
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the others were ten coordinate complexes. All of the donor ‘atoms iﬂ the
cryptand were found to coordinate to the lanthanide ion and in addition
nitrate or perchlorate anions were able to coordinate to the metal through
the strands of the cryptand. |
A y.ttarbium(III) cryptate. of a small polyamine cage ligand (101} was

obtained by template synthesis on ytterbium using the tripod amine
N(CHaCH2NH2)» and bis{(dimethylanmino)methane. The major products of the
reaction were pendant arm ﬁaerocyclic complexes and the cryptate was a
rinor px_‘oduct isolated from the mcrth.er liquor.==4

(o

C:\n, o) (CFaS0g)3CHCN

)

101> |

Several . eéyptands that 1nc§rpornte ‘heterobiaryl groups have been
a.ynthesised recently by Lehn and coworkers. Generally the symmetrical
cryptande were synthesised by template on Na+ or Li+ by reaction of the
dibromo derivative of the biaryl with ammonia in the preéence of base.
Conditions of high dilution were not required, preauniably due to the
tenplating role of the cation and the rigidity of the bridges introduced.
Asymnmetric cryptands ware obtained by a atepwisé procedure involving
reaction of a dibromo coinpound with a prefoﬁned nacrocycle in the
presence of Li+ and basae. Tranemetallation afforded the corresponding
lanthanide cryptate. A wide variety of heterobiaryl groups have been
incdrporated into the ligands including 2,2-bipyridine,2== bithiazole,“':
bisimidazole,=== 1 ,10—phepanthroline,*“ bipyrinidine==¢ and
bipyrazolyl=s7, Some examples are illustrated in figure 30. Photoactive

~europium and terbium cryptatee that display strong luminesence were
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obtained and are vof interest both as new luminescent materials and as
labels for time-resolved photo-immuncassaye. The beterobiaryl groups act
as light absorbers and the energy of the singlet excited state S, is
trancferred in a radiationless process through the triplet state T, to the
resonant level of the lanthanide ion. A the metal ion is protected 'by the
.cryptand frm; radiationless deactivation by solvent molecules it emits
its characteristic vieible light, red from europium and. green from

taerbium.2s°e

\ A ) N A s
Q—Q NN ;'}_("—'l' W W ‘N’N—N‘Nf

NQO’\,O:\/,N ~Qo_’\,o:\j M DN N < N
’ =N N (o] 0~/
0 0. o 0 \N—N > Q N .
— LT AW S " /°
Figure 30

More recently, a europium cryptate containing hetarocyclic H-oxide groups
(102), was synthesised and was found to be particularly strongly
~ luninescent.=**’ Howéver, cryptates incorporating the 3,8—biia§quinoline
unit <103) gave only weakly luminescent cryptates as this aromatic graup
is itselt stx_'ongly fluorescent and loses its excited-stata energy b'y. light.

emission.2s?
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Although metal ion complexes of cryptand liganda have received most
attention, interest in protonated cryptands as anion raceptor moleculeé is

gz;owing .

Ai ION RECEPTOR MOLECULES

Protonated polyamines represent the most extensively studied coordinating
ligands for binding inarganic as well as organic aniong.2€%-254. The area
hag been recently reviewed.2¢¢ Protonated forms of bistren form stable

inclugion complexes with anions.2es

(—*L{._l—\ o ﬁn‘H (*r;lﬂ 0 N VH
NN N

<N < ugn N )
Q: 4 )~ " .
(_NH\/(\/H/Nj | };NH'\/R/HNH \/g\/HNH ‘

Figure 31 Anion cryptates of Bistren

Crystal structure determinations of the hexaprotonated ligand witk F-,Cl-
Br— and HNa- have been repnrted. Ligand distortions on binding small
spherical anions in the ellipsoidal cavity are apparent. However the linear
azide anion complements the cavity of the. cryptand‘ and is bound by two
pyramidal arrays of three hydrogen bonds each interacting with a termit;al
N-atom of the anion, as represented in (54).2%7. The formation constants
of the conplex-ea- formed by hexaprotonated bistren with a range of anions
(nitrate, carboxylate, ATP<-,ADF*~, sgulphate for example) have been
determined. S&ong complexations were found accompanied by marked
electrostatic and structural effects an etability and selectivity. The
binding of chloride ion by protonated polyamine macrocycles and cryptand

has been investigated by “5Cl-NXR spectroscopy.=®
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A naew octasza cryptand (1045, which has a more spherical cavity
than bistrﬁn has been ' synthesiead by Lehn and coworkers, rhe-
hexaprotonated cryptand formed a fluoride cryptate and the X-ray crystal
etructurs of this was determined. The crystal structure shows that the
secondary nitrogeﬁ atoms are protonated and the fluoride anion is
hexacoordinated to the six anmonium sites in a quasitrigonal-prismatic

geometry.<s?

(104)
Crystal structure determinatione of chloride and ammoniunm ion complexes of

a spheroidal macrotricyclic ligand ¢105) have been reported.2?°

0
A X e o
.NH/\/ /\/HN’ Y CHa{CH 0CH,1,CH,  [CHolyo OMe

CH,(CH,0CH,]I5CH, [CHalyo OMe
‘\/H \/. CHo[CHZ0CH,1,CH,  [CHyl4q H
N CHy[CH,0CH,],CH, [CH,OCH,]y H

CH,{CHR0CH,]3CHy  [CHylyo H

(105> <106)
A éuiaa of interecting eryptands (108) have been synthesised recently
with the aim of increasing or altering the selectivities of standard
reagents (acids and bases, reagente for oxidation or reduction) in c;rganic
chemistry. The use of concave pyridine ligands as protonating agents in a

regib— and sterecselective protonation of nitronate anions is reported.=”’



CHAPTER 2
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Transitidn mgtal triflates, M(CF2S80s)a : 6H20, were prepared by reaction
.0of transition metal carbbn;te with aqueoﬁs trifluaromethanesulphonic acid
(triflic acid). ..

MCO> + 2CF2S0=H 4 M(CFaSOa)a + COz + Hz0
Iron(II) triflate was prepared, both b& the above method and by reaction
of iron powder with t.riflic'acid. |

Fe + 2CFaSOsH -+ Fe(CFaS0a)2: 6H20 + H>

The following method was used to prepare Hanéanese. Fickel and Cobalt
triflates. | | |

Deioniséd water(5-10mi) was éddeci to metal carbonate €0.05mol) Triflic
acid 2N solution (0.1mol 50ml) was added dropwise with caution. The
mixture was stirred at rooml temperature -.until fizzing had s'l;opped' and was
filtered. The filtrate was reduced in volume by heating gently and the
solid obtained was dried ."[ﬂ vacuo. (Yield 60-85%)

Infrared spectrum :inter alfa’ v(O-H) 3504 (br), v(CFaSOs) 1246(s), 1189(s),

1035(s) and 642cm~'.

Transition metal carbonates ( M = Mn, Co ) were prepared by anion

exchange with sodium carbonate 'in ‘water.

M(FEDs)2 + Fa2(COs) + KCOs ce» + 2NaNOa
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Iran triflate Fe(CFaSOs)z : 6H20

This experiment was perfarmed under nitrogen.

Triflic acid 2M <0.06mol 30ml) was deoxygenated and added in partions to
FeCOa ¢0.06mol). The mixture was stirred for one hour at 56‘0 and was
filtered to remove unreacted iron carbonate. The pale green filtrate was
‘reduéed 1;n volume by bubbling nitrogen and heating. The solid obtained was
‘dried with a nitrogen strgam , dried iIn vacuo overnight and stored‘in a
dessicator.(Yield 87%)

Iron triflaf;'a has alsc been >prepared by reaction or triflic acid with irom
powder. The reaction was carried out under nitrogen. Triflic acid 2K
(20ml) was deoxygenated and added, witk care, to a threefold excess of
iron powder. The reaction mixture was stirred until fizzing had ceased,
approximately one hour. The mixture was filtered o remo~e noreacted {ron .
powder and the filtrate a8 broug"l;t to dryness by bubbliﬁg nitrogen, Pale
green product solid resulted and was dried in va.cuo overnjght and stored

in a dessicator. A yield of 88% was cbtained.

Cu (MeCH) 4«CF280s.

This experiment was performed under nii;rogen and dry deoxygenated
solvents were used throughout. Acetonitrile (30ml) was deoxygenated, cooled
to room temperature' and approximately 10ml of the deoxygenated solvent
was added to Cu=0 (0.025mol). Concentrated triflic acid <0.06mol) was
4 cautiousiy added to acetonitrile and i:he solution was added in portions to
the copper .oxide suspension. The reaction mixture was stirred at raom
temperature until the copper oxide had dissolved. The beige coloured
solution was filtered and the filtrate was brought to dryness by bubbling

nitrogen without heating. It is important to avoid heating the reaction
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mixture, as heat caused disproportionation. The solid was dried 1in

vacuo (yield 93%). The cream coloured product was etored under nitrogen.

Cu (MeCN) 4CF2S50x wag also prepared by aﬁ alternative méthod ~using
deoxygenated 2M triflic acid, Cuz0 and a stoicheiometric amount of
deoxygenated acetonitrile.  Although n;ore crystalline product results from
‘this preparation, the product proved diffiéult ‘to dry thoroughly and
became blue on storage due to surface oxidation. It ié 'necessar‘y to avoid

‘heating as heat caused disproporticnation in this preparation.

Cu(NeCl) 4Cl104

This complex was prepared by the method z.-eported by Hemmerich and
Sigwart.2?2 The reaction was performed under nitrogen using dry
déoxygenatad solvents. Cuz0 (0.05mol) and acetoniirile (0.4mol 16ml) were
refluxed in deoxygen;ted 2K HCI.O4 until the coppet oxide had dissolved,
ca 2 hours. The white crystalline product formed on cooling snd was
filtered , washed with cold acetonitrile and dried und‘ern a stream of

nitrogen. The complex was stored under nitrogen.

 Ba(CFaS0s)a
Ba(CFsSOs)2 was prepared from barium carbonate and triflic acid by the

method used for manganese ,nickel and cobalt triflates.
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ner—{RuCla F (CeHada)a]

This complex was prepared by the standard method 272

i‘riphenylphosphine (0.01mol 2.625) was dissolved in ‘50m1 of hot, dry
deoxygenated methanol under nitrogen, giving a colourleés solution.
RuCls:3H20 (0.0025mol 0.65g) was added a.s a solid and the brown reaction
nixture was refluxed with vigorous atirriﬁg for one ﬁour. The preduct fell
~out of solution as a brown miarocryatélliné solid. Following cooling on
:I.ce‘, the product was filtered under nitrogen and washed with portions of
dry deoxygenated methanol. After a final wfashvwith dry ether the product

was dried with a stream of nitrogen (91% yield).
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'Tempiate synthesie of the dilead complex of macrocycle P was previously
reported by B.Murphy.27+ |

~The reactants 1,5-diaminopentane RHa (Cllz)sllllz and 2,6-diacetylpyridine
(DAP> were obtained from Aldrich Chemical Company Ltd. and were used
without further purification.

DAP Infrared spectrum Inter alia: 3070, 2970, 1705, 600cm~"',

The nﬁcrocycln |

[Fb2P (NCS)4] Template synthesis.

Pb(NCS)=2 (0.005m61) , diacetylpyridine ¢0.005 mol> and

1,5 diaminopentane (0.005mol) were stirred Qigotouély at 60°C in 600ml
acetonitrile/ 200ml ethanol for 5 hours. The reaction mixture was filtered
and the yéllow filtrate was reduced in volume to ca. 600ml. Cooling and
slow evaparation gave yellow crystalline product in 75%‘ yield.

Analysis.

Cale: C 348 B35 ¥ 127

Found: c347 . R37 - . N 12.4
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Pb2P (CFa80s)4: NeCN

Pb2P(HC8)a (0.0005mol) was suapendéd in acetonitrile (150n1.> at 40°C.
Addition of AgCF2SO0s' <0.002mol) produced an immediate white precipitate.
After stirring at 40-50"C for %hr the AgNCS preciﬁitate vas removed by
filtration. ﬁxcess LiCF2S0a was added to the filtrate and this was reduced
in volume to ca. 100ml Cooling and slow evapoxv"ation produced cream néed.le

shaped crystals in 64% yield.

Analysis.
Calc: C 27.04 H 2.74 N 6.49
Found: c 27.21 ' H 2.83 . N 6.43

Anion exchange did not occur when LiCF3SOs was used in place of AgCFaSOas.

The infrared spectrum of the complex showed vMeCHN.

[Pb2P(HCS)1(CFs80a)s: 2Hz0
-PbzP(CF3S03)«4 (0.0001mol) was suspended in acetonitrile <(<100ml) and
warnmed to 40-50°C. NaNCS <0.0001mol) was added and the reaction mixture
| wag stirred at 45°C for 45 minutes. After filtration, the filtrate was
reducedl_in‘ volume. Ethanol (10m1)' was added and cooling on ice produced

cream semi-crystalline product (42%yield).

Analysis.
- Cale: C 27.18 H 2.99 N 693
Found: C 27.66 . H 3.05 - N 6.69

This complex did not have infrared vas(NCS) absorption belaw 2000cm~'
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[PbzP (WCS)>]1(CF>S0s)a: EBtOH

Pb2P@CS)>s (0.0005mol) was suspended in acetonitrile <100ml) at'55'C.
AgCF=SOs (0.0015mol) was dissolved in acetonitrile (50m>1) and added
dropwise. After one bhour at SS'C the reaction mixture was filtered and the
ﬁlfrate was reduced in volume tb ca. 20ml. Acidition of ethanol, .folldwed

by oobling on ice gave cream coloured microcrystals (71% yield).

Analysis, ,
Calc: " C 28.67 .- H'3.11 o ¥ 6.88
Found: C 28.36 H 3.02 - - X 657

This compound showed vae (HCS) absorption below 2000cm~' in the infrared

‘ spectrum.

EAB Mass Spec.

m/é Formula % of base peak at 77.
666 [PbPI* _ . u®

724 [PbP(NCS)I* - @5

815 [PbP(CFaSOw) - (50

965 [PbP(CFsS0s)2+HI* C®

1079 (Pb2P (HCS) (CFoS0s)+2H1*  ®

1139 [Pb=P (HCS)z (CF280s)1* &

1230 (PbzP(HCS) (CFaS0a)=2]" , (15

Throughout this chapter possible farmulae of the fragment ions are
suggested as above. The formulae. _have.been calculated u_siﬁg the mass of
"the most abundant isotope of the atoms present. Vﬁere the mass calculated
by this simple method does not exactly match the most iﬁtense peak of the
cluster (the m/e value), ‘the formula has l;een adjusted to match the m/e

by suggesting protonation or deprotonation.
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[(Pb2P (C8>21 (CF»80a)2

szP(CF;SOg).‘ (0.0001 ‘nvol) was suspended in acetonitrile (75ml.) at 45°C.
FaNCS (0.0003mol) was added and the rgactian mixture was stirred at 50°C
'for 45 minutes. The solution was filtered and eth‘anol‘ v;as added to the
filtrafe, which wag then reduced in volume. Pale yellow nicrocrjstailine

solid resulted on cooling the solution on ice.

Analysis, .
Calc: C 29.86 H 2.97 N 8.70
Pound: C 20.45 o H 3.00 . ¥ 8.93

This product has also been formed by the a.‘gidifion of two equivalents of

AgRCF2SOs to the complex PbzP(NCS)a.

FAB Mass Spec.

m/e Formula % base peak at 815,
664  (PbP-2HI" - 70)

724 (PbPACE)I* | : 60>

815 [PbP(CFsS0a)1* - C <100)

1130 (Pb2P (NC8)2 (CFaSO=)1* . - 40)

1230 [Pb=2P (NCS) (CFa50a)21* : (75>

1321 [Pb2P(CF2S0s)2]" as)
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{a) Honobinuclear complexes of macrocycle P,

[CuzP (BCS)2]1(CFaS0a)a: BaO

Pb2P (HCS)« (0.0005mol) was suspended in 100ml ethanol at 55°C. Cu(CFaSOa)2
was dissolved in ethanol (20ml) and added dropwise. The reaction mixture
was stirred at 55°C for one hour and a blue-green solid was filtered off'
in 85% yield. Re_crystalliaati_bﬁ from an ac.tetonitri].e/ethanol " solvent.

. mixture gave microcrystalline product.

Calc: c 37.78 H 3.96 . ¥ 11.01
Found: C 37.62 H 4.26 ¥ 11.33
[CozP (BCS8)2:2H201(CF>80s)2

Pb2P(CF»80as)4 (0.0005mol) was suspended in 100ml acetonitrile and warmed
to 55°C. Co(CF280»)= was dissolved in ethanol (20ml.) and added dropwise.
NaNCS (0.001mol) was added and the réacti&n mixture was stirred for 2-3
hours at 55°C. After filtration the filtrate was reduced in volume and
cooling on ice produced black crystals in 33% yileld.

baalsata. |

Calec: C 37.43 H 4.12 . N 10.91

Found: C 37.14 H 3.82 ¥ 10.58
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<b) Heterobinyclear complexes of macragcycle P.

[PbEnP (ICS)2] (CFa80a)2: 2H20. .

Pb2P(NCS)4 (0.0005mol) waa suspended in acetonitrile (200ml) aﬁd warmed
to 55°C. Mn(CFsS0as?2 (0.002mol) was diésoived in ethanol ¢ 50ml ) and
added ,dfopwise. The reaction mixture was stirred at 55°C for 3 bours. A .
precipitate of Pb(NCS)z was removed by filtration and the yellow filtrate
was reduced to ca. 100ml. Slow evaporation gave yellow heedle shaped

crystals in 4€% yield.

Analysis,
Calc: C 32.82 W 3.62 © F 957 '
Found: C 32.74 H 3.32 . § 9.38}

FAB Mass Spec.

m/e Formula ‘ ‘% of base peak at 986
512 (NnP-HI*. | _ ‘ ©0)
664 [NnP(CF2SO0a)-2HI* ' ©(30)
815 ([PbP(CFaS0s)1* ‘ ' o us
837 (MoPbP (NCS)2I* )
, '927 {NPbP (RCS) (CF2S0s)-HI* <és>
986 (NnPDP (NCS)2(CFaS02)1* - (100) |
1077 [NOPbP (HCS) (CF3S02)21* o (50)
1130 [PbaPACSYel ®

1230 (PbaP(NCS) (CF3S0a)2]* . - , 2o
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PblnP (NCS)a (02CCHa) 31[:0..

szP(llCS), (0.0005mol) was suspended in acetonitrile (100ml) and ethanol
- '(100ml) solvent mnixture an'd warmed to 55°C. AHD(O:CCH:)V224H20 (0.002mol)
was added and after 3 hours at 55°C a small amount of .brown powder was
removed by filtration. The brown filtrate was reduced .in volume and
cooling on ice gave dark brown microdystalé in 45% yiéld. Es'r'spectral.

~evidence suggests that this is a.l[n(II) complex.

Analysis,
Cale: C 39.32 H 470 . ¥ 12.50
Found: - C 30.59 H 4.41 . K 12.08

FAB Mass Spec.

m/e Formula ' o . % of base peak at 885
460 [P +2H* o @0
§12 [XnP-HI' ‘ 40>
721 (MoPbP)* ' @0

. 895 (MnPbP(BCS)ol* ' (100)

949 (NnPbP (RCS) s (02CCHal* (85)

(PbE1P (WC8)2](CF»S80s)2: 4H20

Pb2P (RCS)a (0.0005m61) 'was suspended in acetonitrile (200ml) at 55°C. A
éolutim.ot Ni(CF2SOs)z €0.002mol) in ethanol (50ml) was adde& dropwise.
. After ﬁeating for 2 hoﬁrs at ‘55 ‘C , the reaction mixtura was filtered to
femovg Pb(NCS)2 and the green filtrate was reduced in :)olume to
approximately '75m1; Cooling 6n ice produced green needle shaped crystals

in 57 % yield.
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Analysis, ;
Cale: * C 3176 H 3.83 ¥ 9.26

Found: C 31.81 "H 3.58 ‘ ¥ 8.73

FAB Nass Spec.

m/e Formula % base peak at 989

516 [NiPI* o 85)
840 [(NiPbP(NCS)2-HI* @M
931 (KiPbP(NCS) (CFa3S0s)1* : 25)
989 ([NiPbP (NCS)z (CFaS0=)1* i o <100)
1080 (NiPbP(CF2S0a2)=z(NCS)1*+ ¢ T}

Species containing [(PbzaF] were not. preeent.

~ [FHEAPAICS)4] : Ha0

KnPbP (RCS>2 (CFaS0a)2 (0.0003mol» waa dissolved in acetonitrile '~ with
stirring at 50°C. Ni(CF2»SOs)a (0.0003mol) was dissolved in acetonitrile
and added dropwise. After heating for 2 hours at 50-55°C , the reaction
;nixture was filtered and ei:cesa NaNCS was added to the filtrate. Reduction

in volume followed by cooling on ice prqdu'ced‘green crystals in 63%‘yie1d.

Ax_nlmi& A
Calc: C 40.16 H 4.21 B 14.64
Found: C 39.74 H 3.92 ¥ 14.61

[PbFeP (C8)2 (H20)1(CF2S0s)2
This reaction was performed under nitrogen and dry déoxygena't;ed solvents
were used throughout. PbzP(NCS)a (0.0005mol) and Fe(CFaS0s)a (0.002mol)

vere stirred together in acetonitrile (200ml). After heating for 2 hours
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at 60°C the »d,a.rk ‘wine coloured suspension was filtered to remove PbNCSdz.
‘The filtrate was reduced in volune by bubbling nitrogen. Addition of
ethanol produced blackcurrant coloured solid which ‘was filtered off -z.md

dried with a stream of nitrogen.

- Analysi:iy
Cale:  C 33.31 H 3.49 ¥ 9.71

Found: C 33.59 H 3.10 R 9.66

FAB Mass Spec.

m/e Formula ' ' | % base peak at 987
513 [FeP—ﬁ]* _ s . (75)

663  [FeP(CFaS0a)1* i (25)

837  [(FePbP (RCS)2+HI* SR 1)

928  (PePbP (NCS) (CFaS0a)+HI* | (10)

987  [FePbP (NCS)2 (CFaS0x)1* : (100)

1078 (FePbP (NCS) (CF2S0a)21" : L as

1136 [FePbP (NCS)2 (CFaS0a)2]* S (5)

Species qbntaining [PbzP] or [FezP] were not present.

Attempta wefe nmade to substitute anpth'er-‘transiticm ‘metal ion for the lead
ion in the heterobinuclear complexes of mncroéycle “P'. The complexes
HnPbP(ICS)z(CFQSbs)z. NiPbP (HCS)=2 (CFaSOs)= and FQPbP(ICS)z'(CF:BSOS)z were
used as starting materials. | | |

Triflates of the transition metal ions Mn (1D, Fé(lI), Co(II).. FiCII), Cu(ID

and Cu(I) were used in attempted transmetallation. In several experiments
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Cu(MeCN)2(Cl04) was wused. The following experimentﬁl methods were
enplé:yed.

Transmetallation attempts yi'nvolving oxygen sensitive complexes,
FePbP (HCE)=2 (CF2S0a) 2, ' Cu(MeCN) 4 (CF2S0s), C'l; (MeCN) 4 (C104) or
Fe (CF:SOS);:GHzO were carried out in dry deoxygenated solvents under
nitrogen.’ | |

l[PbP(BCS}z (CF2503)=2 (0.0003m0l)> was di.saolved in dry deoxygenated MeCN
.(200m1) with stirring at 55°C. The tramsition metai t;'iflate (0.00029mol>
wac added as tha solid. After heating for 3 hours at 585°C the reaction
mixture was filtered and tﬁe filtrate was bubbled ddwn\ in volume. Thé
addition of ethanol. gave products which were filtered and dried with a

nitrogen stream.

In reactions that did not involve oxygen sensitive reactants, the following '
method was used. | |
To a stirring solution of NPbP(HCS)z2(CF2S0x)> (0.0003mol) in acetonitrile
(200ml) at 55°C, a solution of transition metal triflate<0.00029mol) in.
acetonitrile was added dropwise. After heating 'Afor .3 hours at 55 C thé_
reaction mixture was ﬁitered and reduced in volume. Etha.nol wae added
. and products were filtered after cooling on ice. | |

;I‘h’e resulte of the experimente are i:resented in Table 1. Products have
been identified, where possible, by CHN analyais, fagt atom bombardment

mass spectroscopy, magnetic measurenents, esr and infrared spectrosco;;y.
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IEMPLATE SYNTHESIS OF THE MACROCYCLE NC. -
' The reactants CeH:io(CE2NH2)2 [1,3-cyclohexanebis (methylamine)] and
2.6-D1§oety1pyr1dine ware obtained from Aldrich Chemical. Company Ltd. and

were used without further purification.

The macrocycle AC

N\N <N

[Pbz2NC (NCB)4]: EtOH

f’b(lfCS): €0.01mol), 2.6-diacety1pyr1d1ne (0.01noi) and 1,3~CeHi0 (CH2NH2)2
(Ol.Olmol) wére stirred together vigorously in acetonitrile (-660151.) and
ethanol(200ml) at 60°C for 5 hours. The‘react:lc.m mixture was filtered and
the yellow filtrate was reduced in volume to aBout 600ml. Slaw evaporatiqni
gave yellow crys.tals suitable for X-ray diffraction. Further crops of

product were obtained (81% yield).

Analysis.
Calc: C 39.01 H 4.26. N 11.37
Found; C 39.09 H 4.17 N 11.84

' Synthesis of the MC complex was successful in acetonitrile/methanol
solvent mixture, however the yellow colour of the complex did not develop

in acetonitrile alone.
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FAB Kass Spec.

m/e  Formula - % of base peak at 804
537  [NC-HI* | : (65)
744 (PbMC+2HI* | o (60)
804  [PHHC (HCS)I* | - ‘ (100>
1068 [PbzNC(NCS)z+2H]* | 45)
1128 [PbzNC(NCS)ol* (65)

-ANION EXCHANGE REACTIONS OF Pb2MC(HCS)a

(Pb2NCI(Cl04)4: H20

Pbz2MC (NCS)4 €0.0005mol) and AgClOs <0.003mol) were stirred in acetonitrile
(150m1) for % hour at 45°C. A fine precipiﬁté of ABICS wag filtered off
and the filtrate was reduced in vblume to ca. 15ml. Additi.op of ethanol -

followed by cooling on ice produced cream coloured microcrystals.

- Analysis,

Calc: C 29.83 H 353 ¥ 6.14
Found: C 29.98 H 3.47 A 5.95
(Pb2NC (HCS)1(CF2>80s)»

Pb2MC (RCS>4 €0.0005mol)> \'uas - dissolved in. 150ml acetonitrile at 50°C.
AgCF280a (0.0015mol) in acetonitrile solution was added dropwise. After
abouﬁ 45 minutes at 50°C the reaction mixture was filtered and reduced in
volume to 40ml cooling and slm e}iaporation ‘8ave cream microcrystals.
Analysis.

. Calc: » C 31.29 H 3.18 H 6.72 .

Found: C 31.33 ‘ VH 2.79. N 6.41
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The complex [PbzMC(NCS)]1(CFaS0»)a has also been formed in an attempt to-

transmetallate PbaNC(HCS)s4 using Ni(CFaSOa)=.

[Pbz2NC (NC8)2] (CFaS0»)2: NeCE EtOH.

szl(C(ICSh (0.0005mo0l> was dissolved in 150mi acetonitrile at 50°C.
AgCF2SOs (0.001mol) was added and the reaction mixture was stirred at
50°C for % hour. After filtration, the fi_ltrate was reduced in volume to
50m}l. Ethanbl was added and' cooling on 1ice produ@ pale yellow

microcrystalline product. The intrared spectrum of the con;plex showed

vieCH.

Analysis. _

Cale: C 34.68 . H 3.81 ¥ 8.67
Found: C 35.10 H 4.07 K 8.91

/= 227 8 cx® mol™!

FAB Mass Spec.

n/e Formula . -% of base peak at 804
537 [MC-HI* ) C10)) |
744  [(PONC+2HI* 75)
804 . [POMC (IbS)]* - . (100)
805  [PHC(CFaSOa)1* ' o )
1068 (PbzMC(NCS)=z+2HI* ' (40)4
| 1128 (PbzNC(HCS)al* ‘ 45> |
1219 (PbzMC (HCS)z(CFaSOQ)J" ' (65)

1310 (PbzMC(NCS) (CRaS0a)2]* (15)
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(Pb2NC](CF»S03)«: EtOH NeCN

PbaiC (HCS). (0.0005m01> was dissolved in 150ml acetonitrile at 60°C.
AgCF2S0s (0.602mol> was dissolved in acetonitrile and added. The reaction'
mixture‘ was stirred for two hours at 60°C and AgNCS was removed by
filtration. The filtrate was reduced in volume to- about 20ml and ethanoi
was added. Further feduc_tion in volume and cooling -on ice gavé pale cream

coloured crystals. The infrared spectrum of the complex shawed v(MeCH).

Analysis » .
Cale: C 30.82 B 3.39 " N 5.99
Found: C 30.93 H 3.26 " ¥ 5.60

IRANSEETALLATION OF Pb2NC (NCS)a
(fa)Homobinuclear complexes of MC.

{Cu=NC (WC8)=21(CF2802)=: 2H=20

Fb2MC (NCS)4 (0.0005mol> vand'Cu(_CFaSO:-)z (0.002mol) were stirred together
in ethanol(lsdml) at 46-45‘(_: for one hour and stirred for another hour at
room tenpgrature. A green esemicrystalline produ::t was femoved by
filtration. Rem‘ystallisation from acetonitrile/etbanol solvent mixture ga.ve
crystaliine product j;n 67% yleld.

Cale: C 40.89 H 4.52 . F 10.04

Found: C 41.01 H 4.27 ¥ 9.63
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| [lialC(lCS)a (H02)21

Pb2NC (NCS) 4 ¢(0.0005mol) . was dissolved in ac.:etcmitrile
iiooml)/ethanol'(IOOm.l) soivent mixture with stirring at 55-60°C and'
. Ni(HO3)2:6H20 (0.002mol) was added as the solid.. After hea'tin.g for 4
houre at 55°C, cream coloured praéipitate wag filtered off and the green
filtrate was reduced in volume. A sage green powder was obtained in 35%

yleld on cooling on ice. A

Analysis, _
Calc: C 48.24 H517 ¥ 1563
Found: ~ C 46.05 H 4.99 . ¥ 17.05

This preduct was not adequately soluble for recrystallisation. Deapite.
repeated preparation, awéptable CHN analysis figures were not obtained.

FAB mass spec

n/e Formula | % base peak at 841.
713 [N12MC (NCS)+H]* or (NiNC(NCS)a+HI* (50
775 [vlizlc (NCS) (NO3) +HI* | ©0)
841  [N12MC(HOa)s+HI* ' (100)

Species containing (NiPbKC] or (Pb2MCl :were absent from the Fab mass

spectrum.

Microcrystalline sage gréen heterobinuclear NiPbMC(NCS)=2 do:)z product was
obtained in 10# yield as a second crop from the reaction. -

Use of a 1:1 stoicheiometric quantity of Ni(HOs)z to Pb=zP complex did not
stop formatidn ‘of the dinickel MC 'coinplex. Attenpts to tranemetallate |
~ Pb2MC using Ni(CFaSOa)z wgfe unsucces'sf_ul. Attempted transmetallation wif,h

NiCla gave a mixture of insoluble products
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inlﬂCGCS)z]ClOa)z: 2H20

Pb2NC (RCS) 4 (0.0605m01) was suspended in 100ml ethanol/50ml acetonitrile
solvent mixture agd heated to about 55°C. Hn.(NO::)z:lleO €0.002mol) was’
dissolved in acetonitrile 20ml and added to the reaction mixture. The
reactants were stirred together for 3 hours at 60°C . A white precipitate
was remaved by filtration and the yellow filtrate was .réduoed in volume to

ca. 75ml. On cooling on ice yelloﬁ crystals were obtained.

Analysis.
Calc: 'C 40.14 H 4.68 . ¥ 13.00
Found: C 4059 = H430 § 12.62

FAB Mass Spec.

n/e Formula , % of base peak at 979

‘916 [NnPbNC (HCS)=2+H]* . (65)

979 [MnPbNC (NCS)z (F0»)1* N 00

Th.ia PbMnMC complex was unstable a-nd was stored in a freezer. On storage
at room temperature, the complex became brown and lost the N-only
bridging thiocyanate ligand. Preparation of the complex in a solvent
mixture containing a higher propartion of acetonitrile gave a product that
became’ brown more quickly. .Transmetallation of PbaNC(NCS)s using
nangdnesa triflate or perchlorate gave heterobinuclear prodﬁct mixed with

dilead anion exchange products.
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[HRPbEC (ICS) 41: HaO
‘I"his~ complex was made by an analogous nmethod to that outlined for
(PoXnNC(HCS)2] (BOs)2: 2Hz0  except that an excess of NaBCS was added to
the filtra‘te before reduction in volume. Orange crystals suitable for X-ray

diffraction were obtained on slow cooling.

Analygsis
Calc: C 43.42 H 4.60 ¥ 13.32
Found: . C 43.09 . H 4.32 ¥ 13.15

PbEnNC (NCS)4: NeOH H.zD

sz)[C(lTCS)..- (0.0005mol) was diesolved in aoetqnlitrile(mOml)‘ and
ne£hanol(100mi> solvent mixture. Nn(02CCHa)»(0.002mol.) and one peliet of
KOH was diseoived .in methanol (50ml). The bfown manganese acetate
aolutiaﬁ was added 'ciropwise to the sblutiog ccmtaining the macrocyclic
complex. The reactants were ref'l'uxed together 39nt1y for 5 hours. A small
~ amount of brown solid wae filfered off and excess NaNCS was added to the
filti‘qte. Concentration to approximately :-SOm'l followed by cooling on .ioe
produced brown microcrystalline solid in 54% yleld. Bsr spectral evidence
suggests th.at‘this is a Hﬁ(II) complex. |

~ Analysis.

Calc: C 43.28- H 4.75 N 12.94

Found: C 43.42 H 4.60 ' ¥ 13.32
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{PbFelC (ICS)2] (CF380s)a: 2H20

PbzNC(NCS)+ (¢0.0005mo0l) and Fe(CF280s)z (0.0005mol) were stirred together

in dry deoxygenated acetonitrile under nitrogen at 55°C for two hours. The

reaction mixture was filtered under nitrogen to remove grey Pb(NCS) =

precipitate. The dark purple " filtrate was reduced in volume, without

heating, by paesing a stream of nitrogen through it. Dry deoxygenated

ethanol was added and the solution was concentrated further until a

blackcurrant coloured solid appeared. Cooling on 1ice yielded further

product which was filtered and dried under nitrogen.(Yield 40%)

Analysis.

Calc: C 36.45 " H 4.03 . ¥ 8.95

Found: C 36.61 . H 3.78 X 9.02

FAB Mass Spec.

‘m/e Formula _ % of base peak at 143
918 [FePbMC(NCS)21* : (15> |
976 . [FePbMC(NCS)al* ' 15)

1008 [FePbHC(HCS) (CFaSOa) +HI* (10)

1067 [FePbMC (NCS)z (CFS0a)1* 60

1158 [FePbHC (NCS) (CF2S0a)=1* a0 '
lﬂincabs_)zclof.h

PbEiMC(HCS)2(NO=)> has been obtained as a minor product of
-transmetallation of PbaMC(NCS)« using N1 (NOa)z.

Analysis,

Calc: : C 40.68 " H 455 F 13.12

Found: - G 40.95 H 4.83 § 13.82

the A
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FeCuliC (NC8) 2 (CFa80a),

ThiaA reaction was performed under nitrogen using dry deoxygénated
. solvents throughout. FePbMC (NCS)= (CFaSOa‘)z<0.0003mo1)'was diseoived in dr);
dqogygenﬁtad acetonitrile and Cu(HeCHN)s(CF2SOa)(0.0003mol) was added as a _
" solid. After 3 hours at 45°C, the re_act:lon mixture was filtered and the
.fiitrata was bl.;bbled down ,11.1 volume. Ethanol was added and on further
reduction in volume, brown so0lid was filtered off and dried with a
ﬁitrogen ~atream‘., Fab mass spec showed that .the brcn;m powder contained a
mixture of bheterobinuclear [CuFeMC] macrocyclic complex hndA {(CuzNC)
species. It may be possible to isolate the [CuFeMCl complex ueiné' ion
exchange chromatography. The mixture of products diesolve in acetonitrile.
The esr spectrum of the product mixture suggeets that Cu(Il) is present.

FAB maes spec .

m/e  Farmula % base peak at 474
773 {FeCuKC (NC8)2l* . : - - GO
809  [FeCuMC(CFaSO»)1* or [CuPbNCI* - : ‘ 20>
952 [PbReNC (CFaS0s)1* I 15>

1108 [CuPbMC(CF2S0s)2+H]* or [FeCuNC(CFa80s)al* 25
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The tripod amine tris(2-amincethyl)amine (tren) waé obtained from Aldrich.
Chemical Company. _Ethanedial (glyoxal) was obtained from Fluka AG. Both

compounds were used without further purification.

- (— NH, | | ' Ba2+,$r2+,Ca2’; | (—N N—X

+ 3 OHC—CHO - <N

<N . . N
S BN

Proton ¥MR

Proton Shift /ppm Multiplicity = Integral

1 8.0 8 = 6
2 8.7 “t 12
3 2.8 B t - 12

BaGT (C10+) (BPha): 2H20 (Template synthesis.)

Glyoxal (0.003mol), Ba(ClO«4)2 (¢0.001mol) and BNaBPha (0.002Am¢.:1)' ;lere
refluxed together gently in ;nethanol (2601:11) for 15 ninuteé and cooled to.
. 40-45°C. Tris(2-amincethyl)amine, N(CH=CH2NH2)a, tren (0.00Zmol) in 50ml
nethanol was added dropwise and the reaction ‘mixture waé stirred at 45°C
for 4 hoﬁre. Cream coloured sclid was filtéred off. Further -crops of
product were obtained on concentration of- the .filtrate (Yield 58%). The
product was reorystalliaéd from acetanitrile/ethanal solvent mixture.
inalysis

~ Cale: C 53.07 H 56.73 N 11.79 . Ba 14.4‘

Found: C 58.95 H 590 N 11.95 Ba 104

)
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Despite recrystallisation and axialysis c&‘ various samples of
BaGT(C104) (BPha), satisfactory CHN analysis was not obtained on this

complex.

SrGT BFh4)a: 2H20 (Template synthesis)

Glyoxal (0.003 mol) and Sr(Cl.O4)z‘ (0.001m61.) were refluxed gently in
methanol (200 ml) for 15 minutes. Tren (0.002mol) in. S0ml methanol was
added dropwise and the reaction mixture was x.-e:fluxed gently for 45
minutes. NaBPh4 (0.002 mﬁi) waé added and the cream coloured precipitate
was filtered off. Further product was obtained on concentration of the
filtrate and later crops contained both ‘perchlorate and tetraphenylborate
counterion. The product was recrysﬁlliééd .‘from aéetonitrile/ethanol
solvent mixture in the presence of NaBPh.. Concentration of the filtrate

and cboling on ice gave cream microcrystalline product (yield 61%).

Analysis.

‘Calc: C 70.74 H 6.66 ¥ 10.00 Sr 7.8
Found: - C 69.84 ' H 6.65 N 1054 Sr 7.7
FAB Mass Spec.

m/e Formula % of base peak af 359

359 (GT+HI* (1000 -

446  (SreTi~ 99>

CaGT BPha)z: 2H20 (Template synthesis)
Ca(HOs)z (0.00imol) and glyoxal (0.003mol) were refluxed together in
methanol (200ml) for 10-15 minutes. NaBPha ¢0.002 mol) was added as a

solid. Tren (0.002mol) in 50ml methanol was added dropwise to the reaction
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mixture with stirring at 50°C. After three hours at 50°C, cream coloured

.solid was filtered off in 66% yield.

dnalysis,
Cale: C 73.82 H 6.95 ¥ 10.43 Ca 3.8

Found: C 72.66 . He6s83 ¥ 1057 ~ ca 43

NgGT (BPhs)z: 2Hz0 (Template synthesis)

HS(HOa)z- (0.001mol), glyoxal(0.003mol) and NaBPhs (0.002mol) were refluxed
together in methanol (200m1> for apprﬁiimately 15 minutes. The solutic.m
was cooled to 45-50°C and trem <(0.002mol) in 50ml metﬂanol was added
dropwise. The reaction miituré. was stirred at 45°C for 3 hours. Yellow

so0lid was filtered off. Attempts to recrystallise the product failed.

Analyeis.
Calc: C 74.98 " H 7.06 ¥ 10.60
Found: C 68.56 , H 7.01 ¥ 16.60

Despite Analysis of many different samplee of MgGT (BPha)z, acceptable CHN

analysis was not obtained.

Fab mass spec.

m/e Formula % base peak at 359
350  [GT+HI* 100>
382  [MRGTI* 6>

700  [MgGT(BPh«)-HI* 4>
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LaGT (BPhs)z (0s) (Template synthesis) |

Glyoxal (0.003mol) :was refluxed in ethanol <200ml) for 15. minutes.
Lﬁ(IOs)s: 6H=0 (0.00211101) was dissolved in ethanol(100ml.>and brought to
gentle reflux. A solution of tren £0.002m01) in ethanol (300ml) and the
glyoxal solﬁtion were added dropwise simt;ltaneously to ‘the stirring
lanthanum nitrate solutionm. Affer 3 houre at gentle reflux the reaction
mixture was filtered and excess NaBPhs was added to the fiitrate. On
réduction in voluxﬁe. followed by cooling on ice, a mixture of_pale yeilow

powder and yellow microcrystals wae obtained.

Analysis,
Calc: C 64.25 H 6.05 ) N 10.22

Found: C 61.36 'H 5.99 K 12.06
Despite recrystallisation, acceptable CHN analyéis was not obtainea.
FAB Mass Spec

m/e Formula % base peak at 169

496 [LaGT-HI* 4)
558 (LaGT (NO=)-HI* @

All attempts to synthesise the GT cryptate without a template metal iom
failed. Various metal ions have been tried as templates. Ag+ was not

sucéeesful as a templ&té ion and cmly‘ oil was obtained. Use of
praseodymium (III) nitrate as source of template ion gave yellow. powder.
’fhe '1nfrared spectrum of the yellow product‘ was broad and showed vHH
»absorptione in addition to v(C=N). Metal ions Co(II)> and Fe(II) were used
as possible template ions but only oil was obtained. Pb(II) appeared to
act as a template in that Pb(HCS)= dissolved to give a yellow solution but

products obtained did not give acceptable CHN analysis.
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: :
Strontium or barium GT complexes have been used in transmetallation with
trancition metal ions. Product from the template process was used without

prior recrystallisation.

(a)Transition metal cryptates of GT.

Mononuclear cryptates

(KnGT] BPh4da: 2H20.

SrGT(ﬁPhd: -€0.0005n0l> was suspended in acetonitrile (250ml) and wé.rmed
to 50°C. Xn(HO»)=:4H=0 (0.0015mol) was diesol;led in NeCN (30ml.) and added
dropwis‘e.‘ NaBPh. (0.001mol.)’ was added and the reaction mixture was '
stirred at 45-50°C for 3 hours. A fawn cc;loured solid was filteréd. off and
the filtrate was reduced in volume to about 150ml. Ethanol was added and

cooling on ice gave yellow microcrystals in 44% yileld.

Analysis. |
Calc: C 72.87 H 6.85 ¥ 10.30
Found: € 73.21 . He64s  F 10.08

FAB Mass Spec.
m/e ' ' basé peak
413 (MnGTI* (100)

S\ = 223 S cm2mol-?

MnGT (BPhs)=> has also been made by the following method. _
SrGT (BPha)=(0.0003mal.) , Mn(02CCHa)»(0.0006mol.) and NaBPha 0.001 mol.)
were stirred together in acetonitrile(200ml) for 2 hours at 50°C. The

- reaction mixture was filtered and the brown filtrate was reduced in volume
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until yeilow product began to crystallise. Cooling on ice gave yellow

microcrystalline product.

(FiGT)(BPh4)=: ¥B=20.

SrGT (BPha)= ¢0.0005mol.) was suspended in acetonitrile (200ml.)> and warmed
to 45‘6. §¥1(C104)2: 6H20 was dissolved in acetonitrile and added dropwise.
.NaBPha (0.001mol.) was added and the reaction mixture waeAstirred ‘.for 2
_ hours at 50°C. After filtration the yellow filtrate was reduced in volume
until solid was setarting ‘to crystallise out (¢ ca. 130ml.) Aédition QfA.

ethanol and cooling gave orange microcrystale in 39% yield.

Calc: C 7446 . H 6.72 - N 10.53
Found: C 74.37 H 7.13 . ¥ 10.73

/.= 219 S cn*®*mol-?

[CoGT] (BFhs)2: 3B20.

SrGT (BPha)2 ¢0.0005mol.) was suspended in acetonitrilé 250ml.) and warmed
to 50°C. Co(Cl04)»:6H=20¢0.0015m0l.) was dissolved in MNeCN <30ml.) and
added dropwise giving a rust-brown react.io'n mixture. FaBPh. (€0.001mol.)
was added and the reaction mixfure was stirred at 45-50°C for 3 hours.
' Fawn coloured solid was filtered off and the filtrate was reduced in
volume to ca. 150ml. Ethanol was added and cooling on ice gave rust

coloured microcrystals in 49% yield.

’ - .
Calc: C 7142 g 6.90 ¥ 10.10 Co 5.3
Found: C 71.60 H 6.63 ¥ 9.92 Co 5.3

/\.= 236 § cm?mol-
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[CoGTI(C104)2: B20.
Ba(Cl0a4)2 (0.001mol.) and glyoxal <0,003mol.) were refluxed together in
methanol (200ml.> for 15 minutes. The solution was cooled to 45°C and tren
'¢0.002mol.) in 50ml methanol was added dropwise.The reaction mixture was
stirred at 40-50°C for 3 hours. Co(ClOa)z:6H20 (0.001mal) was added and
the r.eactants were stirred together for 2 hours at 50-55°C. A small amount
of fawn solid was filteréd off apd the rust-brown filtréte was reduced in
}hAvolume until solid started to come out of soiution‘. Cooling on ice gave a
rust powder 'which was recrystallised from acetonitrile /ethanol sglvent
mixture. Slow evaporation gave rust hexagon-shaped crystals ‘which were

‘suitable for X-ray diffraction. (23% yield)

Analysis. ,
Calc: . C 34.08 . H 5.08 ¥ 17.66
Found: C 34.29 H 4.94 . F 1673

A = 254 S cm®mol-’

The reaction was also éuccessful when Sr(Cl04>2 was used in place of
Ba(ClDa)=. Attempts to produce NiGT(ClO.;)z-by this method g;ve cr.ystalline
product, but- in 10% yield. A%.tempted preparation of MNnGT(CF2S0a)=2 and
FeGT(CF2SOs)z by template of GT on Ba{(CF2SOs)=, followed By addition of
the transition metal friflate gave oily mixtures from which product could

not be lsolated.
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(NiGTI(C104)=2: H20

SrGT (BPha)>=2(0.0005mol) and AgClOs (0.001moi) were stirred together in
- acctonitrile for about 30 minutes. AgBPha precipitate was filtered off and
‘Hi(C104)z:4H20 (0.00075mol) was added tb the filtrate. After i-2 hours .at
ca 50°C the reation mixture was filtered, reduced in volume and cooled on

ice. Orange microcrystalline product was obtained.

Analysis,
Calc: C 34.09 H 5.09 ‘ ¥ 17.67
Found: . 'C 34.64 H 5.30 ¥ 16.72

CoGT(C1l0s)= has been obtained by an 'analogoué method in 30% yield.

(ZnGT1(C104)z: EtOH Hz0
This complex was made by an aﬂalogous 'method to that outlined ‘above.
Zn(Cl04)2: 4H=20 was added in place of Ni(ClOa)2. Pale arange

microcrystalline product resulted.

Analysis '
Calc:’ C 34.82 H 5.55 ¥ 16.24
Found: C 34.35 * H 5.17 N 15.82

. Attempted synthesis of ZnGT(BPha)z by the method described for
CoGT (BPha)z gave orange produét which contained both perchlorate and -

tetraphenylbdrate counterions, acceptable CHN analysis wae not obtained.

FeGT (C104)2: 2H20

Th-ig reaction was carried out _under nitrbgen and dry deoxygenﬁted solvents
~ were used throughout. SrGT(BPhs)z and AgClOs were stirred together in
acetoni£rile. AgBPha precipitate was filtered off and Fe (C104)z was added

as a solid. After 1-2 hours at 40°C the blackcurrant coloured solution was
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bubbled down in ‘;olume without heating. Addition of ethanpl and cooling on
ice gave deep blackcurrant colbured product which was filtered and dfied
under nitrogen. Acceptable CHE analysis was not obtained.

CAUTION! this compound is potentially explosive. The frit used to collect

the product should not be scraped to locosen the solid.

Analysis
Cale: C 33.30  5.28 ¥ 17.68

Found:  C 28.59 H 4.75 ¥ 14.16

FeGT (BPha)=z: 2H20

This experimlent was performed under nitrogen and dry deoxygenated
solvents were used. SrGT(BPha)z was diésolved in acetonitrile with
stirring at 40-45°C. Fe(CFaSOQz: 6Hz0 was added as a solid and a wine
coloured reaction mixture resulted. NaBPhs (0.002mol) was added and the.
mixture was stirred at 45°C for 2 bhours. The solution was filtered and the
filtrate was reduced | in voh_me' bj bubbling nitrogen. Dry deoxygenated
ethanol was added and further conéentration gave blackcurrant coloured

solid which was filtered off and dried under nitrogen.

Analyeis,
Calc: C 72.80 H 6.85 ¥ 10.29

Found: C 72.34 ' H 6.72 ¥ 10.36

| CuGT(C104)2: 4H20

SrGT (BPh4)=2(0.0005m0l) and AgClOa)(¢0.001mol) were stirred together
toéether in acetonitrile 200m1./ethanoi 50ml. solvent mixture. AgBPhs was
filtered off and Cu(0zCCHs)=(0.0004mol) and Cu(ClOs)z :6Hz0 (0.0002mol>

were added to the filtrate. After 3 hours at 40-45°C the sol_ution was



103

filtered and the filtrate was reduced in volume. Cooling on ice gave bottle

-green héxagon-shaped microcrystals.

Analysis,
Calc: C 31.20 " H 5.53 ¥ 16.17

Found: C 31.32 H 407 . § 15.89

- FAB Mass Spec.

‘m/e Formula % of base peak at 421
421 [CuGTI* | (100>
520 [CuGT (C104)1* @0)
585 [CuzGT(ClO)+2H)* 10>

CuC—T(C104)_-z is soluble_in water but the sqluticm becomés yellow withig an
hour. . | | |

Binuclear cryptates,

Cu26T (C104>a: 2HaO

SrGT (BPha)= (0.00051:01) and AgClOa (0.601nol) were stirred together in
100ml MeCH/MeOH solvent mixture. AgBPhs precipitate was filtered off and -
Cu(0zCCH=)= (0.001mol) was added and the ﬁixtum wae re‘fluxed for 15
minutes. After filtratibn the green filtraté.was reéuced in yolume to 30ml, .

green crystals were cbtained on cooling.

Analysis.
Calc: C 2351 H 3.72 ¥ 12.18
- Found: C 23.52 H 3.52 N 11.85

FAB Mass Spec.

m/e Formula % base .peak at 136
585 [Cu=zGT(C104)+2HI* 95)
484 ([CuaGTI* : 43)

421 [CuGTI* - (40
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Cu2GT (BBPhs)2

SrGT (BPha)=z (0.00041:01)' was suspended in acetonitrile (200m1.) Cu(ClO4)z:
6H20 <0.0004mol) and Cu(0zCCHs)z (0.0004mol.) were added and the mixture
was stirred at room temperature for 3-4 hours. Green colour developed on
adding Cu2* and gradually yellow/brown colour appeared. After filﬁation
the yellow /brown filtrate was reduced in volume and ethanol was added.

Cooling on ice gave bronze coloured microcrystals.

Analysis,
Calc: C 70.93 H 6.28 . N 9497
Found: C 69.46 H 6.35 ¥ 9.96

Attempts to obtain a dicopper(I) cryptate with pefchlorate counterion by

transmetallation of SrGT(ClO4)= wi"t:h Cu(MeCH). (C104) failed.

Transnetallation of SrGT(ﬁPh.)z using Cu(NeCN). (CF2S0s) gave only impure
and 1insoluble ©brown powder that did not analyse correctly. The
percentages of carbonm, hydrogen 'and nitrogen found suggested CuzGT (BPha)=
rather than the monocopper CQGT (BPha) cryptate. The product was too
insoluble for recrystallisation énd did not give a Fab mass spectrum (too

" insoluble in fab matrix).

Attempted preparation of CuZnGT(ClO«)a and CuNiGT(ClO«)« by reflux of the
mononuclear CuGT(ClOs)z with an equimolar equivalent of M(Cl0a)= failed.
Fab mass spectroscopy of the products showed that only copper GT cryptate

. was present.
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Anion exchange.
NiGTACS)> 2H20

HiGT;(BPlu)z (0.0002mol) was suspended in acetonitrile. AgC104‘(0.0002n01)
was added as a solution in acetonitrﬂe and the suspension wae stirred at
45°C for % hour. The cream coloured precipitate was filtered off andv
excess NaNCS was added to the filtrate. The solqtion was filtered again
to remove traces of AgRCS and reduced in volume. Cooling on ice ghve

orange microcrystals.

Analysig
Calc: C 42.19 H 6.02 N 24.60

Found: C 41.96 . H 6.31 _ . N 24.73

Attempts to obtain products with NOs~ or CFaSOs~ counterions by analogous

methods g&ve oils.
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Sb) Lanthanide <III) ion cryptates of GT.

LaGT (BPhs )2 (N0x): H20 | "

BaGT (BPh4) (C104) (0.0003mol) was suspended im acetonitrile <200ml.) and
wa'rmed to 45°C. La(NOs)a: 6H20 was dissolved in MeCN (50ml.) and addéd
dropwise. NaBPhs (0.001mol) was added and the reaction mixture was stirred
at 45°C for 5 hours and stirred 18 hr at room temperature. The reaction
mixture was filtered and the filtrate was reduced in volume to about -40m1.
Addition éf ethanol followed by cooling on ice gavé' pale yellow

microcrystals in 31 % yield.

Analysis _
Cale: C 64.25 " H 6.05 _ ¥ 10.22
Found: C 57.29 H 5.54 ¥ 10.41

FAB Mass Spec.

m/e Formula % base peak at 723 '
496 [LaGT-HI* | 25)
559 [LaGT (HOx)1* | >
876 [LaGT (§Os) (BPha)-2HI* A (16)

Synthesis of praesodymium, terbium and gadoliniuin cryptates was attempted
by the following method. | |

'BaGT (BPha) (C104) (0.0003mol) was suspended in acetonitrile and warmed to
40445'0; N (B0s)o: 6H20 was dissolved in MNeCH (5‘0m1). and added. A fine
suspension formed gradually. NaBPha (0.001mo1>-w¢.as added and the reaction .
mixture was stirred at 35-40°C for 5. hours. Afﬁr filtration the pale
.yellow filtrate was reduced in volume to ca. 20ml and ethanol wés added
dropwise un.til cloudiness appeared. Cooling on ice gave- pale yellow

microcrfetals in ca. 20% yield. Attempts to recrystallise the lanthanide
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cryptates failed. Magnetic measurements confirmed the presence of the

paramagnetic lanthanide ion in the following complexes.

Analysis.

PrGT BPha) B0s)2: 2HaO.

Calc: - C 5158 H 5.56 ¥ 14.32
Found: 5208 H 5.30 ¥ 13.18

THGT (BPhy )2 (NO»): 2H20

Cale: C 63.22 H 5.94 ¥ 10.05
Found:  C 62.16 'H 4.83 ¥ 10.10
 GAGT (BPha )2 (M0a)

Calc: C 65.18 H 5.80 _ ¥ 10.36
Found: C 71.25 . H7.01 ¥ 10.00

FAB Mase Spec.

m/e . . % base peak at 337
359 [GT+HI* 50>

515 [GAGT-HI* | 45)

835 [GAGT(BPh.)3* @)

BuGT (BPha)a: 4HzO.

-BaGT(BPh‘s)(ClO.;) (0.0003mol) was suspendéd in acetonitrile (100ml.) and
warmed to 35°C. EuCla:6H20 €0.00035mol) was dissolved in ethanol (50ml.)
and added. NaBPhs(0.0015mol) was added and the reaction mi;(.t.ure was
stirred at 35-40°C for 5 hours and stirred overﬁight‘at room temperature.

After filtration the pale yellow filtrate was reduced in volume to-
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approximately 30ml. Addition of ethanol and cooling gave pale yellow

microcrystals in 21 % yield.

Analyais, .
Calc: . € 70.90 H 6.41 N 7.28
Found: C 70.13 H 6.94 - N 7.65

FAB Hass Spec.

m/e % base peak at 308

510 [EuGT-H}* (40)

Preparation of EuGT (BPh‘_‘)-a has also been cé.rried out in dry solvents under
nitrogen in’ the presence of dimethoxypropane. This improved the yield of

EuGT complex to 27%.

CeGT (BPha)2 M0»): H20

BaGT (BPh4) (C104) (0.00015mol) was auape'nded' in MeCN (200mi)'_at 40°C.
Ce(NOa)s»: 6H20- was dissolved in MeCHN and added. After 3 hours at 40-45°C,
the reaction mixture was filtered and the filtrate was reduced in volume '
to 50ml. ‘Cooling on ice produced rust col&:red crystals ‘which were

separated from accompanjing beige powder (34% yield).

-Analysis
Calc: C 6513 - H 5.96 . H 10.40
Found: C 66.40 H 6.08 N 10.74

The.cerium cryptate did not recry'stalliaé successfully.
FAB Mass Speo '

n/e Fornula % base peak at 136

497 [CeGT-HI* ' 30

561 {(CeGT (NO»)+HI* 10
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Iransnetallation uging RudiD, Ph<ID or Group 1 ions

The follo;ving experiment was éerformed ~ under nitrogen using dry
deoxygenated solvents.

Attempted preparation of RuGT (BPh«)a

SrGT(BPha)= (0.0003mol) was suspended in acetonitrile and brought to
reflux; Ru(Cl)2 (P(CsHs)»)a waé added as a solid and the reaction mixture
was refluxed for 2-3 hours. The orange reaction mixture was filtered and

reduced in volume to ca. 15ml. Cooling on ice gave orange microcrystals.

Analysis
Cale:  C 7219 H 6.43 F 10.21
Found: C 71.00 H 6.51 § 9.67

‘Fab mass spectroscopy did not show peake attributable to RuGT, SrGT or
GT, although the infrared séectrum_ showed that the GT cryptand .was
present in the complex.

NaGT (BPha ) :2H20

BaGT (BPha) (C104) ¢0.0003mol) was lsuepended in MeCN (200ml.) and hea.ted to
| 50—55’_0. NazS04(0.0009mol) was dissolved in. a minimun of hot water And
added dropwise. After 2;3 hours at 50°C BaSO4 precipitate wa:s ﬁitered off.
Ethanol was added to the pale yellow filtrate and this was reduced to

. 10ml. Cooling on ice gave pale yellow microcrystals in 14% yield.

Analysis
Calc: C 6841 H 7.43 N 15.31

Found: C 68.20 H 7.55 ' : N 14.36
FAB Mass Spec. | |

m/e Ft'arnula % base peak 167

359 (GT+HI* (25)

381 [(§aGTI* - (15)
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The fab mass spectrum - of. §aGT (BPha) ahowed no evidence of [BaGTI* at m/e

496.

KGT BPhs)

Attempted exchange of barium ilon for K* >By an analogous method, using
KzSO; gﬁve pale yellow crystals surrounded by oil.

Fab Mas.s Spec |

~m/e 397  [KGTI* | | @0

The fab mass spectrum showed no evidence of [BaGT]* or {GT]* at m/e 3548.

PbGT (BPha)=2: 3H20.

BaGT(BPhg)z' €(0.0003mol) was suspended in me£hanol/acetonitr11e solvenf
mixturé (100m1/501‘n1) at 50°C. Pb(NOa)z(o.OOOGEOl)‘ was lground finely,
dissolved in hot methannl. and added dropwise,' After four hours at 55°C the -
barium nitrate precipitate was filtered off and excess NaBPh. was added to

the filtrate, Coﬁcentration and cooling omn ice ;gave pale yellow

microcrys{:als .

Apalysis

Calc: C 63.00 H 6.08 _ ¥ 8.90
Found: " C 63.35 _ H 5.71 ‘ N 8.06

FAB Mass Spec.
m/e Formula - % base peak at 399
566 [(PbGTI* o (35)

884 [PbGT (BPh.)-HI* (8)



Pb(NCS)2¢0.002mol) and glyoxal(0.006mol) were refluxed together in
methanol (150ml.) for 15 minutes. Tran<0.004mol) iﬁ 100ml ouf methanol was
acide‘d dropwise with stirring. The lead thiocyanate dissolved and yellc;:w
" colour developed. After 3 hours at 50-55 °C, an excess of NaBH. was added
in portions. After each addition, an instant black lead precipitate formed
which diseolved within minutes to give yellow solution again. _After 2-3
hours at S5°C, FaBH. was added in portions and lead wés filtered off under
suction. The cream coloured filtrate was brought to dryness, NaOH, .8v
pellets in éa. 15m]l deionised Hz0 was added. The s:.;Jluti_on vwas extracte&
_with six portions of chloroform. The extracts were combined, washed with
deionised water and dried with Na=SO.. After filtration the filtrate was
brought to dryness, the oil ;Sbtained 'was 'redissolved in methanol, filtered
and rotary evaporated to dryness. The 'product was dried In vacuo overnight
and remained a pale yellow oil,

Mass spec.

e Formula %beight of base peak.
370 - [RGTI* (GT + 12 1.61
369 (GT + 11 Hl* 0.91
368 LGT + 10 HI* 1.54
367 (GT + 9 HI* | 0.70
366  [GT + 8 HI* 0.901
365  [GT + 7 HI* - 0.49
364 (GT + 6 HI* 0.63
358 '[GIJ* 0.91

Fully reduced GT, partially reduced GT and unreduced GT ligand gave 7.7%

of the ﬁeight of the base peak in total.
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BaGT (BPha) (C104) (€0.002mol) and Pb(NO»)=2(0.003mol) were stirred together
in methanol for 3 hours at 55°C. Ba(NUs)2 was not filtered off as
P}:;GT(BPh‘,)z was only slightly soluble in methanol. NaBHa was added giviﬁg
lead precipitate which 4dissolved again. The reaction mixture was refluxed
gently for 4 hours. Cream coloured solid, containing MGT(BPh.)z and

Ba(NOs)z, was fiitered off. Vork up of the filtrate as outlined above gave

an oil.
Mass spec.
n/e Formula % height of base peak

370 [RGT)* : 0.63

Reduction of manganese (II> GT Qx;yptate was attempted. It was hoped that
" reduced manganese would not be solubilised by the crypténd. |
MnGT (BPh4)=¢0.0015m0l) and NaBH.(excess) were refluxed together ..in
ethanol (406m1) for 4-5 hours. Fawn coloured soiid was filtered off and the

cream colaured filtrate was brought to dryness and worked up in the usual

way.

Mass spec.

m/e  Formula % height of base peak
370 [RGTI* ' 14

The following attempt avoided | the pres"enoe of tetraphenylborate
coqnterion.' | “ |
- GT was templated on Ba(Cl0s)z in .methanol as previously described.
Hn(NOQ)z was added giving a yellow solution. After 2 hours 'at 50°C excess
NaBH. was added. The reaction mixture was stirred for' 3 days. Fawn

precipitate was filtered off and the filtrate was warked up as outlined
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earlier. Nass spectroscopy showed no evidence of RGT, GT or semireduced GT

cryptand.

Attempts to obtain a silver cryptate' for use in the reduction  were
unsuccessful. Both template attémpts on sil;rer (I> and transmetallation
with silver (D) failed. :

It 1s poseible that reduced GT is unstable in the conditions of the mass
4 spéctrometer, this may account for the 10\-1 peak percentage in mass spec.
However there are additional probleme in that the reduéed cryptazid appeare
to complex lead. The complex does not go into the chloroform lasrer and is

lost in the work up procedure.



114

- COMPLEXES OF THE CRYPTAND 3Bp.

Terephtﬁaldicarboxa_ldehyde CeHa-1,4- (CHO)=z (terephthalaldehyde) {vas
obtained from Aldrich Chemical Company Ltd. and was used without further
v purification. Template synthesis of the 3Bp cryptand was reported
previopsly.*"_ The complexes Pbz3Bp(SCH)s and Ag=3Bp(CFxS0s)s were

obtained.

The cryptand 3Bp

Ag=23Bp(CLO4)=2:4H20 _
Tren (0.002mol)> was dissolved in methanol (100ml) and terephthalald.ehyde. .
€0.003mol) was dissolved in methanol (100ml). The two solutions were added
simultaneously and dropﬁise to a. solution of AgN0a<0.002mol) ‘in methanol
200ml) ‘stirring at 35°C. The reactants were stirred together for 3 hours
at 35°C. After filtration excess NaClO. was added and the filtrafe was
reduced 1in volume. 'Slcnlv évaporation gave yellow-brown cube shaped '
microcrystals in 73% yield.

Analysis.

Calc: C 40.28 H 4.69 ¥ 10.44

- Found: C 40.47 . ' H 432 - N 10.40
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Ag23Bp (BPha) = and Ag23Bp(CFaS0»)> were prepared by analogoua methods,

with addition of NaBPh« and LiCF2S0as respectively.

Ag23Bp (BPh.)=:Hz0.
Analysis ‘
Calc: C 69.15 , H 5.80 ¥ 7.68
Found: C 69.52 g 5.17 ¥ 7.33
Ag23Bp (CF2S03)=2
~ Analysis
Calc: C 4147 H 3.95 N 10.52
Found: . C 41.35 H 3.96 ¥ 10.18
Pb=23Bp (NCS) .«

This complex was made by. ‘modification of ‘the method reported by
D.Narrs.=7= Pb (SCN)= (0.004mol) and terephthalaldehyde ’ (1,4~
CsH_.; (CH(]>=2) (0.006n0l> were stirred together vigorously in absolute alcohol
(300ml1) at 60°C. Tremn(0.004mol, 60ml.) in 1601.111. absolute alcohol was
added dropwise. The reaction mixture was stirred at 60°C for 4 hours. Pa.le-
yellow co;.oured‘ semicrystalline solid was filtered off. Further crops of
crystalline product were obtained on concentration of ;;he filtrate and’
coqling oln.ice.

Satisfactory CH.'ﬁ analysis .was not obtainéd for this starting material thus
the formula of the complex is uncertain. The 1nfrared spectrum of the -

product shows that the 3Bp cryptand is present
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IRANSNETALLATION OF 3Bp COMPLEXES,
Co28Bp (SCH) 4
Pbz3Bp(8CN)4 (0.0003mml) was suspended 1o acetonitrile <(200ml) with
_ stirring,at 50-55°C. Co(NCS)=¢0.00065m0l) wae dissolved in ethanol <50ml)
and added dropwise, giving a turquoise coloured reacfion mixture. After one

hour, a turquoise powder wae filtered off. The product did not glive

satisfactory CHE analysis and was not adequately soluble for

recrystallisation.

Analysis

Calc: C 45.00 H 4.32 ¥ 17.14
Found: C 39.18 H 3.38 § 1440

FAB Mass Spec

m/e Formula . ' % of base peak

587 (3Bp+HI* | (100)
703 [Co3Bp (BCS)I* or [Coz3Bp-HI* 50)
© 759 [Co=3Bp(NCS)-3HI* or [Co3Bp (NCS)z-2HI* (65)

'Hany attempts were made to transmetallate dilead or disilver 3Bp .
complexes, most resulted in anion exchange or ring opening. Conditions

employed in the various attempts and the results are summarised in table

2.

A - K

3Bp: 6H20

Synthesis of this cryptand was reported previously by D.Marrs27%
Terephthalaldehyde (0.003mol) was warmed to 50°C in metbanol (100ml). A

.solutic‘n-: of tren (0.002mol) in methanol (50ml) was added dropwise. The
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' reaction mixture was stirred at 50°C for 2-3 hours. The yellow solution
was filtered and reduced in voiu_me to ca. 50nl. Acetonitrile was added and

slow evéporaticm gave pale yellow crystals in 58%.ylield.

Apalysis
Calc: C 62.1 . HT78 F 16.1
"Found: C 61.7 . H 7.9 ¥ 16.5

Infrared spectrum : 3650-3000 wv(O-H), 2841v(C-H), 1643 v(C=N), 1450, 1437,

1375, 1338, 1077, 1033, 907, 823, 742, 722 and 514cn—’,

Cuz3Bp (CF2502)2 |

3Bp (0.0002mol) was dissolved in ethanol (100m1), Cu(CF2S0x)z (0.0004mol)
was dissolved 1n‘ acetonitrile (100ml> and added. The green solution was
stirred for 3 hbure at 40-45°C, filtered and reduced in volume. Orange

cryétals were obtained on slow evaporation.

Analysis.
Calc: € 45.10  H 4.8 ¥ 1107
Found: C 45.09 H 4.19 ¥ 10.70

/= 247 8§ cm?mol~’

tu:SBp (CFaS0a)2> has also b.een cbtained by metal lnsertion into 3Bp uaj.ng
Cu (MeCH) 4CF250a.

‘Attempta to precipitate a CudID .ccmplex by nixing a solution of 3Bp im
dichloromethane/ethanol solvent  mixture with a solution of -Cu (CFsSOa)z in
éthanol, gave pale green precipitate. The infrared spectrum of the green

product showed a carbonyl frequency suggesting ring opening.
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Cuz3Bp (8CN)=2 : ¥NeCN

3Bp (0.0002mol) and Cu(CF2SOa)> (0.0004mol) were stirred together in
acctonitrile /athanol solvent’ mix-tm;e at 40°C. HNaNCS (0.0006mol> was
dissolved in acetonitrile (100ml) and _édded dropwice. Orange-red colour
develﬁped and _product crystallised out of solution. Mustard cologred

microcrystals were isolated by filtration. The infrared spectrum showed

v(MeCN).

Analysis

Calc: C 54.99 H 5.10 41 16.88
Found: C 55.07 ' ~ H 5.17 ¥ 17.29
Co23Bp (ICS) 4:3H20

3Bp(0.0002m0l) was dissolved in ethanol(75ml). Co(CF»sSOx)z (0.0001mol) in
acetonitrile was added, giving a pale brown colour. A solution of
Co(HCSSz(0.000Imol) in acetonitrile(100ml> was added dropwise with'
stirring giving a green-blue éolution. After 4 hours at room temperature
the solution was filtered and reduced in volume. Cooling on 1oé .3ave

turquoise powder which was recrystallised from dma/MecH/Et=0 in low yield.

Analysis,
Calc: C 48.48 H 4.88 N 16.96
Found: C 49.28 H 5.19 - ¥ 16.28

Anion exchange was attempted to try to obtain a more soiuble dicobalt
3Bp c.omplex. Coz3Bp(NCS)« when stirred with AgClO« or AgCFaSOs in
acetbnitrile gave rust coloured solution after filtration. Complexes with
perchlorate or triflate ' co;xntezjions could not be isolated. Addition of
sodium cyanate to the filtrate gave a blue-green solution, only green oil

resulted.
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[(3Bp+2H+1(CF380a)2
Attempted insertion of Fe(II) into 3Bp using Fe(CFsSOs)z gave the doubly

protonated ligand.

Anal;zsia
Calc: C 48.50 H 5.35 ¥ 11.90 Fe 0.0
Found: C 48.73 H 4.56 ' ¥ 12.36 Fe 0.2

The attempted preparation of metal ion complexes of 3Bp are summarised in

table 3.

The reduced 3Bp cryptand was produced by modification of the method
reported .pre'viously.z"s

The cryptand R3Bp

g

Pbz3Bp(SCR)a (0'.0(A)1m01) was suspended in ethanol(200ml.) and brogght to
gentle reflux. A large excese 0f HNaBHsa was added in portions which
produced fizzing and a black precipitate of lead. The black suspension was
refluxed for 5 hours and the blagk precipitate was filtered off. The cream
colouredv filtrate was taken to dryness and the resulting solid was
dissolved in NaOH solution (10 NaOH pellets in 15ml. deionised water). The

.resultant R3Bp solution was extracted with six portions of chloroform and
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the extracts were combined, washed wifh deionised water and dried with
NazS0.. After filtration thé filtrate was brought to Arynese. The solid
obtained 'was redissolved in methanol, filtered 'ax_xd rotary evaporated to
dryness. The soiid was dried iIn vacuo overnight and to gi;r_e a cream
powdery solid in 69% yield.

Mass Spec.

m/e 598 (R3Bpl* base peak 100%

Peaks due to partially reduced ligand were absent from the mass spectrum.
Infrared spectrum : 3273, 3231, 3041, 2797, 1623, 1513, 1458, 1362,

1326,1295, 1127, 1054, 1017, 799.772011:'{ inter alla.

COMPLEX FORMATION USING THE REDUCED CRYPTAKD R3Bp

Cuz2R3BpuOH (C104)s: MeCN: 3H20.

R3Bp (0.0001mol) was dissolved in ethanol(SOmi) and Cu(ClO.):6H=20
(0.0003mol) was dissolved in acetonitrile (100ml) and added glving a green
solution. The reaction mixture wasv stirred at 50°C for 2 hours, filtei‘ed
and reduced in volume to ca. 100ml. Slow evaporation gave green

inicrocrystals in 81 % yield.

Analysis,
‘ Calc: C 4‘0.16> : H 541 ¥ 11.09

Found: C 39.64 H 6.15 ¥ 11.49

/\. = 311 S cm®*mol~!
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Co2R3BppOH (CF380)o
R3Bp(0.0001mol) and Co(CFsS02)2¢0.0003mol) were stirred together in
acetonitrilesethanol solvent mixture for 2 hours at 45°C. Slow evaporation

of the filtrate gave pale green microcrystalline product.

Analysis,
Cale: C 39.67 H 4.69 ¥ 9.49
Found: C 39.83 H 4.66 ¥ 9.14

FAB Mass Spec.

m/e  Formula ' " % base peak at 151
657  [CoR3Bpl* (40)
867  [CosR3Bp(CFaSOa)+2HI* 20>
1178 [CozR3Bp(CF>S0s)s0H-2HI* Q0>

Addition of a few 'd"rops of water to the preparation outlined above gave a
.darker green solution and improved the yield of the dicobalt R3Bp pOH

complex. Apple-green microcrystals were obtained.

Co2R3BppUH (Cl0k)>: 2H20.

R3Bp(0.0001mol) and CofClO4')z:6H20(0.0003m01) were stirred together in
MeCN/EtOH solvent mix;cgre for 2 hours at 50°C. The green solution was
- filtered and reduced in volume, cooling on ice gave green microcrystals in
89i Iyield.A | |
Analysis

Calc: . C 4048 - . H 5.57 N 10.49

Found: C 40.44 H 5.22 ¥ 1090
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Coz2R3Bp (HC8) »:2820

R3Bp¢0.0001mol) was dissolved in methanol and a solution of Co(l’CS)z; in
4 . methaﬁol, Qas édded. The green preciﬁitate was filtered off and
recrystallised from acetonitrile/ethanol solvent mixture. Petrol blue

microcrystals were obtained. Acceptable CHN analysis was not obtained.

Analysis » ‘
Cale:  C 48.77 H 5.93 N 17.06

Found: C 42.98 H 5.16 N 16.51

CuzR3Bp (CFaS0s)=2: H20

R3Bp(0‘.0002m.cil> was dissolved in dry deoxgenated gthax_xol yﬁder nitrogen.
Cu (MeCK) « (CF2S05) (0.0005mol) was added as a solid and gave an instant
cream precipitate. On addition of dry deoxygenated MeCN, the precipitate
dissolved. The solutibh was stﬁred at 45°C for 2 hours,‘ reduced in volume
.and cream coloured microcrystalline solid was filtered off .and dried with

a n'itrogen stream. The complex became slightly green on storage

Analysis
"Calc: C '43.80 H 542 N 10.75 -Cu 12.20

Found: . C 42.08 H 4.99 ¥ 10.12 Cu 12.26
/\ = 241 S cm®mol-’

FAB Mass Spec.

m/e  Formula % base peak at 107
599  [R3Bp+HI* N €10y,
659  [CuR3Bp-2HI* S 55)
721 (Cu=R3Bp-3HI* _ ‘. (1s5)

873 [Cu=R3Bp (CFaS0231* ‘ 90>
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Ni2R3Bp(R0a)4: 4H20.
R3Bp(0.00015mol) and Ni(FO»)=2:6H20(0.0006mol) were refluxed together in
EtOH/MeCN solvent mixture for 4 hours. The solution was filtered and

allowed to evaporate down slowly. Turquoise microcrystals resulted.

Analysis

Calc: C 41.72 _H>6.02 " F 16.22
Found: C 41.68 H 5.45 ¥ 16 38
[R3Bp+4H*1 (CFaSls)a

R3Bp(0.0601mol) and ﬁn(CFaSOa)z(0,000Smoi) were stirred together in
XeCN/EtOH solvent mixture for 2 hours at 50°C. The reaction mixture
changed from yellow to brown. After filtration the brown filtrate was
left to evapbrate down slowlly. Dark brown powder (inorganic) was filtered

off and the filtrate gave colourless crystals on slow evaporation.

Analysis
- Calc: C 39.47 . H 4.97 . ¥ 9.21
Found: C 39.69 " H 5.32 N 9.15

Attempted insertion of Fe(II) into R3Bp using Fe(CFaS0a)2 gave protonated
ligand complex [R3Bp+4K*1(CFaS0a)a.
Fab mass spec showed peaks due to protonated RSBp .and ‘there was no

evidence of the iron R3Bp complex.
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Synthesis of the 3Bm cryptand was reported previously.2?&

The cryptand 3Bm

/N Sy
' Isophthalaldehyde <(0.006mol) was brought to gentle reflux in methanol
(300m1) and trem (0.004mol) was added dropwise in concentrated form. The
‘reaction mixture was refluxed gently for 2 hours and the yellow solution

was then filtered and reduced "in volume by rotary evaporation. Several

crops of crystalline product were filtered off (Yield 91%).

Analysis _
Calc: C 73.7 . H7.2 - ‘ ¥ 19.1
Found: C 73.9 ) H7.3 ¥ 19.2

Infrared spectrum : 3281, 3042, 2900-2800, 1643, 1432,1354, 1336,1290,

1065, 1034,926, 799, 693cm~' inter alia

Ni:L @0s)4: 2H:0: EtOH

Ligand 3Bm wae dissolved in ' ethanol(150ml) with stirring at 50°C.
Ni(N0»)=2:6H20 <0.0002mol) was dissolved in acetonitrile (150ml) and added
dropwise. The reaction mixture bepane dark green initially and  gradually

changed to blue. After 2 hours at 50°C , the reaction mixture was filtered
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and reduced in volume to ca. 50ml. Pufple microcrystals were obtained on

slow evaporation.

Analysis,
Calc: C 37.36 : H 5.15 ¥ 18.67
Found: C 37.29 - H 4.90 ¥ 17.83

FAB Mass Spec

m/e  Formula % base peak at 266 =z X

N N
790  [(FizL(NOa)al* (70> , € )
845  (FizL(HOs)2l* 5> N N> -

908 [NizL'(NQa)al* (15) :
~ 2 NH, H,N

L

~

SYNTHESIS OF THE REDUCED CRYPTAND R3Bm

The cryptand 3Bm was reduced by modification of the method reported by D.

(WQN3

N

\—_-—/\\___//

Marrs.27®

The cryptand R3Bm

3Bm was brought to reflux in ethanol and a large excess of NaBH. was
added in portions. The reaction mixture was refluxed strongly for 6 hours
and stirred for 48 hr at room temperature. After filtration, the filtxfate

was taken to dryness. The product was worked up as described in the
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‘reduction of Pbz3Bp(lCS)a. The 3Bm ligand . was more difficult to reduce .

thoroughly.

Mass Spec.
m/e Formula = % base- peak
598 {R3Bm]* 100

CozR3Bm(C104)4: EtOH

R3Bm(0.0002mol)was dissolved in ethanol<100ml) and a solution of
Co(Cl04)=: 6H=20(0.0006mol.> in acetonitrile(100ml.)> was addéd. dropwise
giving a green solution. After 1 hour at 50°C , the reaction mixture was

filtered and the filtrate was reduced in volume. Cooling on ice gave green

microcrystals.

Analysis

Calc: C 39.33 HS5.21 ¥ 9.65
Found: ¢ 30.32 E 5.48 ¥ 9.35

" FAB Mass Spec

m/e Formula ‘ % base peak at 875
656 [CoR3BmI]™* @35
710 . [(CozR3Bm~4HI* 35>

813 {CoR3Bm (C104)1* ‘ 5>

1003 - [CozR3Bm(Cl04)e-7HI* e
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Ni>R3Bm (H0s)s: 4H20

RSBm(Oq.OOOZmo"l) and Ni(H0»)2:6H20(0.0005m0l) were stirred together in
acetonitrile/ethancl solvent mixture at 50°C for 2 hours.The blue-green
solution was filtered and reduced in volume to 100ml. Slow evaporation

gave turquoise microcrystals.

Analysis .
Cale: C 41.72 H 6.03 , ¥ 16.50
Found: C 42.18 H6.23 ¥ 15.85

FAB Mass Spec.

m/e Formula ' % base peé.k at 290
664  [NiR3Bml* | 25)
775  [F1zR3Bm (HO=)1* - (50)
838  [Niz2R3Bm (HOa)=z1* 40>

901 [(Ni=R3Bm (NOx)al™ , 60>

Cu=2R3Bm (C104)4: 2H20
This complex was made by an analogous method. Green microcrystals were

obtained on slow evaporation.

Analysis
Calc: C 37.28 H 5.04 R 9.66
Found: ~ C 37.47 ' H 5.52 ‘ ¥ 9.50

Atteﬁpts to produce a copper(Il) cryptate by metal insertion into R3Bm

using Cu(MeCN).(CF2SOs) gave dicopper(Il) cryptate deépite nitrogen

protection. Only impure product wae obtained from the reaction. Reaction of
R3Bm and NnNOs)= gave [R3Bm+2H+]1(NOa)2.

Attempted insertion of Fe(II) into R3Bm failed. Only orange gel resulted.
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IABLE 2 - ATTEMPTED TRANSNETALLATION OF 3Bp COMPLEXES

Pb23Bp(NCS)as - starting material.

METAL COKNDITIONS SOLVENT
Co{HOs)z 3hr 60°'C MeCN
Co(RQa) =2 5hr reflux MeCHN
Mn(NOa)z 2hr 60°C NeCN/EtOH
¥i(NOa)2 3hr 60°C J
Ni(HQa) = 5hr reflux "
NiCla> 3hr 55-60°C "
MnCl= 3hr 55-60°C "
Ag=3Bp(BPha)> - starting material.
METAL CONDITIONS SOLVENT
Co(HOs3) 2 3hr reflux MeCN
Co(NCS)2 2br 60°C

Ag23Bp(CFs2S0s)2 - starting material.

METAL CONDITIONS SOLVENT
¥n (CFaS0s)= 2hr 60°C MeCN
Hi(KOa) = S5hr reflux  MeCN/EtOH

Ni (CF3S0a>= 3hr 55-60°C "

RESULT
Fbz3Bp (H0a) 4 _
ring opened, C=0 present in i.r.

brown inorganic powder
+ Pbz3Bp(NOs)a crystals
pale green powder, weak C=0 1695
lilac powder, strong C=0.
green oil
Brown powder and Pb=3Bp(NCS)a

RESULT
pale colaured solution,some ring
opening
crude blue precipitate
insoluble,ir no C=0

RESULT
starting material
oil
starting material

TABLE 3 - ATTENPTED METAL INSERTION IETO 3Bp

Free 3Bp starting material

METAL CONDITIONS SOLVERT

Co(H0a) =2 3hr 60°C MeCR/EtOH

Co(CF2S0s)= 3hr 60°C r

Co (CFaS0a 3hr 40°C "

NaN» present.

Co(NCS)z  1lbr 50°C

Fi(ROs)= Shr 60°C

NiCl= 6hr reflux "

Fe(CFsSUs)z 2hr 65°C dry deoxy
s . ¥eCHN/EtOH

Mn(NOz) 2 3hr 50°C MeCH/EtOH

RESULT
rust coloured solution
gave brown oil only
rust coloured solution
gave brown oil
gave brown oil

green precipitate

pale coloured solution

complex not formed

complex not formed

protonated 3Bp-CFaS0a)

% Fe test -no Fe present

brown solution gave cream
crystals, protonated 3Bp nitrate
fab mase spec -no Mn present
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ATTEMPTED CRYPTATE SYNTHESIS USING GLUTARALDEHYDE, TREN AND TENPLATE ION

Glutaraldehyde (OBC(CH2)sCHO) was extracted with chloroform from a 50%
solution in water. The solution in chloroform was dried, filtered and
reduced in volume to yield a yallow oil.
Infrared spectrum, 2960(s),2900(s),1720¢(s) Inter alia. Glutaraldehyde
oil polymerises to give a hard plastic-like material within a month.
The experimental method used in the following attempts involved reflux
of glutaraldehyde(0.003mol) with template species(0.002mol) in (200ml)
solvent for 10-15 minutes. A solution containing tren(0.002mol’> was
added dropwise with stirring.
TABLE 4 '
TEMPLATE SPECIES CONDITIONS SOLVERT RESULT
‘(infrared frequency/cm ')
Ba(Cl0a)= 45°C  2hr MeCH Flocculent solid formed
beige colour, MeCHN insol.
i.r. spectrum broad,
. -polymer.
Ba(ClO4)= 45°C  2hr MeCH/EtOH Fawn powder, MeCHN sol.
. i.r. strong NHz,nc C=K
’ ' Ba-tren complex .
Ba(NOa)= 40°C  3hr MeCN/NeOH didnt solubilise Ba(NOa)=
-polymer.
Ba(Cl04)=2 reflux 2hr MeOH Addition of NaBPhs did not
give precipitate
Ba(ClOa)=z 40-45°C 3br MeCH/NeOH Flocculent solid formed
NaBPhs present i.r. broad -polymer
: later crop Ba-tren complex
AgNOa 30°C  3kr ¥eOH Silver precipitate formed
black oil and a few
colourless crystals were
X : obtained,i.r. C=N,C=0, NH=>
AgCl0. 50°C  4hr ¥eOH mustard coloured solid
dark reaction i.r. some NHa,
~ possible C=N 1600, 1659
' , Fab m/e 700 Agacage 5%
Pb(RCS) = 50°C 1br MeOH Pb(BCS>=z dissolved, gave
RT 3hr yellaw solution, BPha-
gave cream precipitate.
i.r. C=K 1615,1635
some NH=»,but hopeful.
Pb(NCS) =z reflux 3hr Me(QH i.r. broad aver C=N,no NH=z
polymar,crop 2 Pb-tren
o complex
Sr (NO3) =2 40-45°C MeOH Sr(NO»)z dissolved.
Cream crystals,i.r. sharp
strong NH=,sharp C=0, sharp
1601 peak.
Sr(Cl0a)=2 - 40-50°C 3hr EtOH . Cream solid, Sr—tren
: NaBPha present complex.crop 2 pale yellow
: crystalline, pendant arm
macrcocycle?
i.r. ¥H=,C=N 1625, BPha
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ATTEMPTED CRYPTATE SYNTHESIS USING PYRUVIC ALDEHYDE,TREH AND TENPLATE

Pyruvic aldehyde (CHsCOCHO) was extracted from aqueous solution.

CHsCOCHO (0. 003m0l) and

template

specles(0.00lmol)  were

refluxed

together in solvent for 15-20 minutes: A solution of tren0.002mol) was
added dropwise with stirring.

IABLE S
TEMPLATE

Sr(Cl04)=

Sr(Cl0a4)2

Sr(Cl04)2

Ca(NOs) 2

Ba (C1l04)=

CONDITIONS

45-50°C 3br
NaBPha present

45°C 6hr

reflux 3hr

45-50°C 5hr
NaBPha present

© 50°C 1ihr
overnight stir

SOLVERT

¥eOH

MeOH

MeOH

MeOH

' MoOH

RESULT

Orange colour developed .
gave ginger solid,
soluble in MeCN,i.r. C=N
1610, 1650,NH=z,C10a4

BPha present

fawn powder,i.r., broad no
C=N present

FaBPhs added
no precipitate.
-fawn powder, i.r. broad

gave beige solid at
reduced volune,

recryst MeCH/EtOH,1.r.
possible C=N 1632.

Fab - no cage/macracycle

Crop 2 yellow crystalline
i.r. KHasharp
=N 1615, 1655, BPh«. strong.
-pendant arm macrocycle?

ATTEMPTED CRYPTATE SYNTHESIS USING 2,3-BUTANEDIONE, TREN AND TEMPLATE

CH2COCOCH= €0, 0030l1)

and template species(0.001imol)

were heated in

solvent(250ml). A solution of tren(0.002mol) was added dropwise with

stirring.

TABLE 6
TEXPLATE

Sr(Cl04)=2

Ba(ClO.)=2

Pb(NCS) =

CORDITIOES
50°C 5hr

overnight stir
NaBPhe present

40-50°C Shr

SOLVENT

MeOH

MeOH

overnight stir

FaBPha present

Reflux

MeCN/EtOH

RESULT

ginger solid,i.r. slight
NHz,broad 1700-1300
recryst from MeCHN still
broad over C=N region.

gingef solid, broad i.r.
spectrum

Pb(NCS)=2 dissolved
yellow solution, became
brown, gave brown oil.
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INTRODUCTION

The discussion of the binuclear complexes of macrocycles P and NC is

preceaded by a- brief review of the role and characteristics of the capper

ion in relevant metalloproteins. A short section on bonding nmodes of the

- thiocyanate ligand 18 included, as the thiocyanate ligand is present in

nany of the metal ion complexes of P and MC.

The activity of many metalloproteins is associated with the binding

.of pairs of metal ions within a protein molecule. Consequently, there is

' considerable interest in the ‘synthesls of model systems; binucleating

ligands which are capable of binding metal ions. Table 7 sumnarises some

of the pairs of metal ions bound in the active sites of enzymes and

indicatese their biological functionm.

TABLE 7
BINUCLEAR SITE ENZYNE FURCTIOR
Cu Cu Haemocyanin reversible Oa carrier
Cu Cu Tyrosinase monooxygenase
Cu Cu Laccase oxidase
Cu Cu Ceruloplasmin oxidase
Cu Cu Ascorbate oxidase oxidase
* Cu Pe Cytochrome~c-oxidase electron transport
Cu Zn Superoxide dismutase Oa— disproportionation.
Fe Pe Haemerythrin reversible O= carrier
Fe Pe Rubredoxin Oz transfer in photosynthesis

It is apparent that the copper ion is involved in a wide range of

biological procesees. Copper(II) sitee in proteins can be classified into

three types based on their spectral properties.*”®277
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TYPB 1 COPPER _
These intensely blue copper proteins are characterised2?¢-27® by a
vigible abam‘pfia;x band oloce to 600am with a high extinction
coeffj.cient, typicilly around 'SO_OOI"‘cnr'-‘. In addition type 1 copper
proteing bhave an esr épectrun with unuéually small hjp&rine coupling
constant, and high positive redox potential indicating 'appreciable
stability of the copper (I) gtate (e.g plastocyanin).
TYPB 2 COPPER -
This type of copper has lales intense electronic spectral abeorptions than
type 1 copper proteins. Copper proteins of this type exhibit normal
Cu(Il) esr spectra. Type 2 copper is p:ftax; found in association with type
3 copper. |
TYPB 3 COPPER
Type 3 copper(II) exkibite an intense 330nnm abam'p;tion with extinétion
coefficient in the range 3000-5000M~'cm~'. This type 1is also
characterised by the presence of two copper iome 1in c'ioée proximity. The
copper (II) 1is esr inactive as a result of strong antiferromagnetic
coupling interactions between '.th.e copper ione. The site can act as a two
electron donor/acceptar centre, and is essential to the reduction of
'dio:‘cygen.
In addition to the three types outlined above, there are non-blue copfaer
proteins. Although these exhibit eiiilnr prapertids to those of type 2
copper proteins, th'dy differ significantly with respect to prosthetic
groups, quaternary structure an_ci reactivity.’* (e.g. haemocyanin) '
HABNOCYANIN _
The o_xygen-carryiﬁg non-heme proteins have very high molecular weights

and are found in variocus molluace and arthropods. Deaxyhaemocyanin
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containg coppern(l) and is capable of binding one mol of ’c-liaxygen per pair
of ‘copper ioms. An enrly crystal structure of the copper(I) dinuclear
active eite of FPanulirus interruptus haenoc&anin indicated coordination of
_ copper by three histidine ligands, a Cu-Cu separation of 3.7 was
reported.28° A nox;e recent crystal structure of the .deo;:y form of
Fanulirus ‘interryptue haemocyanin at 3.24 feaolution"" showed .that each
copper 18 cqurd'inated by two tightly bound hiatidine and one distant
hietidine residue. The two distant histidine ligands are located in apical
poeitions and are on opposite sides 'w1t1‘1 respect to the approximate plane
defined by the four more tightly. bound histidine ligands and the -two
copper ' ions. 'The copper to 'copper distance ‘is between 3.5 and 3.6% in
four of the subunits, bﬁt t];ie ‘distance deviates eonaiderebly in two other
subunits. A view of the binuclear copper site of haeno’cyanie is shown in
tfigure 1. ;l‘he copper coardinating histid—ine residues are shown in thick

lines and the copper ions are shown by crosses.

F:lgure 1 Tre dinuc]ear oopper site of Panulirus Interruptus baemocyanin

nescmance raman studies have shown that haenocyanins bind oxygen between
the copper (ID rions as pu-1,2-peroxide and the axidation state of the
6opper ions chapge from (I) to (II).2*2 (QOxidation resulte in a change in

both coordination sephere and geometry to give two tetragonally
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coordinated copper<ID) ioms in an enﬁircmment of 6 histidine ligands.3®2
The dinuclear Cu(Il) site remains esr silent after oxygenation as a result
of stro.ng antiferranagnetic coupling betwaen the Cu(II) ions. As a raéult
of this property haemocyanins are classed as type 3 &pper pfoteins. It
has been suggested t&t a p-OH ligand exists in copper(ID f&na of
l;aemocyanin”“”' and in related dinuclear copper proteins2®”, though
this ie not certain. |
Haemocyanin showa cooperativity in binding Oz which is probably
state that results from dioxygen binding.29® A strdctu;'e internmediate to
that prefarred by Cu(I) and that preferred by Cu(Il) may exist in one or
both of the oxy and deoxy forms.*™=® .Hi.gh co—operativity of carbon
monoxide binding at high oxygen activity has been reported.

TYROSINASE | '

Tyrosinace catalyses both the 2-electron oxidation of o—diphex.mls fo o~
quinones and the nonooxigenation of phenols to o-diphenols. -The
.binuclea.r type 3 pdpper active site found in tyrosinaee®®® is similar to |
the active site of haenbcynnin.'

THE BLUE COPPl;R OXIDASES.

The blue copper oxidases , laccase, ceruloplasmin and aaéorbate oxidase
contain coppar(ll) of each of the major types listed. Laccase is the
simplest 61 the blue oxidases and contains a type 1, a type‘ 2 and a type
3 copper(II) site. The type 2 and 3 sitea are in clos§ proximity and a
strong dependonce of the geometric and electronic structure of the ty'pe 2
copper(II) ion on the oxidation state of the type 3 copper centre was
" noted. Studies of the binding of small anione to laccase suggest that a

trinuclear copper active site comprising type 2 and 3 copper ions may be
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active in the irrevereible binding and multielectron reduction of dioxygen

to water.#®® [t was suggeated that the trinuclear copper cluster assists

in uufysen reduction by providing rapid three-elactron transfer leading to

‘irreversible cleavage of the 0-0 bond.

The structure and nature of the copper active sites in ceruloplasmin are
not v.fully established. The enzyme is thought to contain seven copper ioms,
two type 1, one type 2 and two pairs of type 3 copper sites.2®°

Ascaorbate oxidase contains a trinuclear active site in which type 2 and 3
copper 1cma. may work togethef to achieve the reduction of di;oxygen.”‘ It
was fof this work that, gmong other coﬁfribuﬁma. Huber was awarded the
1988 Nobel. Prize for Chemistry. The frinuclear eite is shown in figure 2
and contains a pair of type 3 copper ioms "each with three histidyl
ligands. The remaining | ion is a type 2 copper(II) which has two histidyl

ligands.2®?

>~

-\ ;_

\
N

P

Figure 2 The trinuclear active site of ascarbdate oxidase
Dioxygen is known to bind at the tricopper cluster. The proximity of the

three copper ions in the active site may facilitate cooperative donation

b}
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of three electroﬁs enabling c1uv§ge of the 0-O bond. In addition to the
trinuclear site, ascorbate oxidase contains a site where a copper ion is
bound in a atrongly distorted tetrahedx;al geoneﬁry (approaching trigonal
pyranidal geonetry)> by two histidine liga'nds.‘ a cystéme and a methionine

ligand.

CYTOCHRONE-C-OXIDASE

Cytochrome~-c-oxidase is a heteronuclear Cu/Fe containing metalloprotein.
The enzyme ie the terminal member of the electron tranmsport chain in
mitochondria and couples the respiration process to oxidation by
molecular oxygen.2”¢ The enzyme functions by accepting electrons from
. ferrocytochrome ¢ and then donating them to dioxygen. Although the
enzyme 1is difficult to study because it is anchored to the mitochondrial
nembrane., 1-_t is known that four metal centres, two copper @d two iron
iong are ' present. The magnetic properties of the conmponents of
cytochrome-c-oxidase sﬁggeat that one heme oentfe anq one copper centre
are antiferromagnetically coupled. Only one copper centre has been
detected by esr spectroscopy and the other is undetectable by both esr
and eiecfronic spectroscopy. The fully oxidised cytoéhrone—c—oxid;se is
believed to contain high spin irﬁn. The ten‘perature dependence of the
paranagnetic susceptibility of the oxidis§d farm was studied in the
tenparature range 200-7K and 4.2-1.5K. The results are consistent with a
nodel in which two isolated § = ¥ centree and a spin-coupled S = 2
centre are present, corresponding toc low-spin Fe(IID) (@™Cu(ID)(d®) and
high-spin Fe(III)/Cu(II) respeétively. A model in which the iron and
copper centres are linked by an imidazolate bridge bas been proposed for

the antiferromagnetically coupled Fe/Cu centre.27¢
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SUPEROXIDE DISNUTASE

" Bovine euper.oxide dienutase 1s. a heterobinuclear Cu/Zn metalloprotein
which  catalyses dismutation of superoxide anion to diorxygen and
bhydrogen peroxide. | |

202~ + 2B~ + HaOa + 0=z

An f-ray structure of the netalloprotein at 31  has been reparted. The
netalloprotein wnuiné a copper(II)l ion which is coardinated by four
hietidiné ligands and a water molecule in a slightly distorted square

pyramidal gecmetry.®®' The coordination about the zinc ion. 1is

peeudotetrabedral.
Asp\
81
/=
20 |
H .
7és \/ ! \\
-7 is
7 I
e \ 7
|
|

Figure 3 Schematic drawing of active site of bovine superoxide dismutase

Superoxide diemutase has been Btructuraily characterised only in the
CudlD oxidat'ion state.2®> The electronic spectrum of the enzyme shows an
absorption at 680nm which has an extinction coefficient of aéox-'om—l as

ie typical of a type 2 copper(ID) ion.

PLASTOCYANIN
Although plastocyanin does not contain a binuclear active site, it is

included here due to it's relevance to some of the work described later
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in this thesis. The structure of oxidised poplar plastocyanin hae’ been
determined at 2.7X4 vresolution. In the . blue copper protein
: h‘plala't:t:xcyem:ln.3""-'3"9 the copper _(ID ion is bound in an unusuai distorted
. tetrahedral coordination geometry provided by two ‘.unsatufated N-donors
from two histidine ligands, and two sulphur donors o;;e from a cysteine‘
and the otﬁar from a methionine ligand. The 1ﬁteraction between copper
and methionine is weak at 2.94.

The donor groups provide a compromise between the preferenée of
Cu(I) for soft donors and the preference of Cu(II) for harder donors. The
coordination sphere arcund the copper ion ie intermediate between the
square planar and tetrahedral geometries favoured by Cu(II> and Cu(;)
respectivly, which further sﬁggests enhancenent o:f electron transfer.
Nuclear mngnet:.lc. réspnance studies reveal that the active site is

relatively inaccesaible to solvent molecules.*®4
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THIOCYABATE : AN AIB.IDBITATE LIGAND

X-ray structural studies of crystalline KSCN derivatives2®s 1gdicate that
the free thiocysnate ion is linear and exists as a hybrid or ~8-C=N and
S=C=N— canonical fof'ns. The stabilisation of onev canonical foﬁ rala.ti've
to another depends on the chaemical environnenf, thus formally, charge may
be located at either end of the ion resulting in ambidentate character.’“
The thiocyanate anion displays varioue bonding modes, which are

illustrated in figure 4.

. SSCN
(a) H-terminal M —NCS (d) 3-atom bridges ) ~
| NseN—
oo -M\ S
(b) S-terminal SCN . . (e) F-only C
/N\
M—NCS . ' MM
(c) 3-atom bridges | I ' () S-only IéI
M/ \h{

Figure 4 Bonding modes of the thiocyanate ligand

The terminal nitrogen or sulphur bonding modes are common and the choice
of nitrogen oz.' sulpbur donor is normally dependent on the hardness (N-
‘ bonding) or softness (S-bonding) of the metal ion. In addition to
electronic factors, steric factors are often involved. In a crowded
complex steric interactione may cause coordination of the ECS through

nitrogen. The M-E-CS arrangement has a bond angle of about 170° which is

almost linear whereas the alternmative M-S-CH bonding hae 2 bond angle .

which is close to 100°.297

The three-atom bridging mode of thiocyanate ie often found in.

binuclear metal cdmplexee and in heterobinuclear systems the soft S-donor

‘Eenqs to bind to the softer metal ion. By contrast, coordination in a
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single atom bridging mode is fehtively rﬁr.e. Relatively few examples of
the S-only bridging mode of thiocyanate have been deecribed, In 1977
Eivekas et al deagribed a complex ‘.ocnta-ining both a 1,1-p~S @ded
thiocyanate and a terminal thiocyanate.2®” & structurally determined
example of an S-only bridge between copper(I) ions bound within a

macrocycle was reported by Relson®*®® and coworkers (figure 5).

Figure 5
The S-only bri;:lgiﬁg thiocyanate occurs at internuclear separation of
2.87K, The:mode of coordination of the thiocyanate ligand is presumably
deternined both by the soft nature of Cu(D) and- the cavity space
available between the metal ione bound by the nacrocyclei. Nore recently
ancther example of a 1,1-pu-S bonded thiocyanate has been reported in a
- dilead complex.*®® '

The N-only bridging Bond;;g mode of thiocyanata was firet reported
by Cotton®®® in 1979 in an X-ray structural determination of a dirhenium
complex Aanion (Re=2 GCS)@]"‘ and subsaquently in 1982 by Reediik“' in a
dicadmium complex. However the first example of N-only briﬁging within a
macrocyclic comﬁlex was reported by Nelson?°2.292  the follawing year.
Shortly afterw#rda Lindoy reported the N-only bridge in a macrocyclic
FL(ID dimer.@oe |

" Observation of thiocyanate in a bridging mode 1is indicative of the

separation of two metal centres. At {nternuclear Geparation greater than
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64 bridging configuratione are ﬁnposoible and terminal -'llCS_.or -8SCK
depending on the hard/eoft nature of the metal ibn is observed. The
formation of two long bridges between metal ions 18 often found. The
arrangement shown in figilre 4(c) typically occurs at 1nt§rnuc_1ear
distances in the range 5.3-5.84, 708208 Alternatively, two long bridges
can be be accomodated in the nannex; shoﬁ in figure _4 (d> where both S-
donors bond to the same mnetal ion. This arrangement i1s common in
hetambiﬁuclm systems 'where ‘difference in the hnrd/ao:t‘t' nature:of the
two ﬁetal ions determine the orientation of the thiocyanate 3-atom
bridge. The 1nMuc1m distance r;equired for accomodation of the’t‘wo
bridging units is reduced®®* in this arrangement. '

There are fewer examples of structurally determined E-only bridging
thiocyanate. An example of bridging between lead ioms vﬁn the N-atom only
" of the thiocyanate occurs in the macrocycle L' shown in figure 6.'2@

The .internuclear separation of the lead ions was 4.344.

l ~
H,C > CH, > I

N TN
M ™
(CHa)s (CH2)s (CH), (CHa),
K—N N'J kN N

|

H,C /N I CH, 2N :

L L= n=4, L® n=3

Figura 6 Nacrocycles that bind the N-N(CS)-X assembly

Recently, N-only bricl.ged binuclear complexes of all ﬁvé nmembers of the
firet transition series from Mn(II) to Cu(II) were reéported.®®*°7 The
pr‘esenée of the FN-only bridging thiocyanate was detected by infrared
spectroscopy of binuclear tetrakis— or bis-(thiocyanato) complexes of

Nn(II>), Fe(ID), Co(II), FNi(II)> with macrocycle L= (figure 6), and in
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binuclear Co(II) and Ni(II) complexes of macrocycle L?.The dicopper(II) B-
only bridged assembly was observed with the macrocycle shown .in figure
5. Two N=only bridging thiocyanates have baan found between Ni(ll) ioms,
in a strﬁcturaily characterised cc.mph;. The internuclear separation of
the Ni(IIl) ions was 3.284. Various repc;m of N-only bridging thiccyanate
have appea'reé 15 recent yearg »o®-a11

The infrared spectroscopy of cocrdinated thiocyinate was reviewed
in 1971.2'2 Daspite the small number of structurally defined examples of
¥-only bridging, a simpie physico-structural' correlation based on
infrared data bas emerged. There are three normai vibrations of
thiocyanate, v(CH), ¢(CS) and v(NCS). lhe v(C_lI) vibration ie most studied
as it is normally a strong vibration ‘that occurs around 2050cm~' which
ie a region that is normally free of ligand vinbratione. By contrast the

lower energy v(ECS) and v(CS) vibratione appear at around 470 and 700-
800cm-' respectively regions where there is oOften interference from
ligand vibrations.
The v(CH) frequency ranges of the various bonding modes of thiocyanate,
with the first row transition metals, along with that of the free ion
are summarieed in figure 7.
S e
(@] @] ]

2200 2000 1800cm

Figure 7 Infrared spectral v(CN) and tbeir structural assigaments

Bxanination of figure 7 shows that there is overlap of the absorptions of

the various types .of coordination involving eulphur. Abeorption due to
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terminal nitrogen bdﬁded thiocyanate occcurs at lo\/ver frequency between
2030-2080cm~'. However the nnsf striking feature is that N-only bridging
thiocyanates exhibit v(Ci ) nban‘rpltion at frequencies below- 2030em—' and -
usually below 2000cm—'. The lowﬁet recorded frequency for the K-omly
bonded thiocyan#e is 1885¢cm—' 1= | |
The bonding of the higher ‘A alkaline earth netal' ions to 'the ‘thiucyanate
anion is relatively ionic in chaz;aotar and thus higher values fcf vCz=m)
are observed in both N- and S- terminal boqding, ‘For. example; the Ca=+
complex of benzo-15-crown-5, Cal(NCS)2:H20 has absorption bapdé at 2100
and 2075cm~—' for the N -~bonded anions.®” The free ion value occurs at ca.
2100cm~'. X-ray 'crysullographié data show that different Ca-KE-CS aLngles
for tﬁe two thiocyanates result in the non-equivalence that causes t_he
splitting of the infrared spectral fréquenCy. |

In gome cases the use of C—é stretching frequencies can aid in
further assignment of the thiocyanate bondiné mode. H-bonded terminal
~ thiocyanates havé__ c-8 stretching in the range 780-860cm". whereas S-
terminal thiocyanate absorbs in the range 690-720cm~'. The N-C-S bending.
mode occurs in the rnnée 465-480cm™' for ¥-terminal thiocyanate or
"between 410 and 470cn~' for S bonded terminal thiocyanate. In view of
the occurrence of N-8 linhge switches in metal isothiocyanate complexes

caution is advisable in applying ‘these assignment criteria,
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COMPLEXRS OF THE MACROCYCLIC LIGANDS P AND NC
lacrdcycles P and NC were prepared by temphte methode in the presence
of Pb(NCS)z, as described in the experimental section. Template synthesis

of the P macrocyclic conple'i. Pb2P (NCS)s (1), was reported ‘previously27+

and the structure of the complex was determined by X—x;ay crystallography.

Figure 8 The X-ray crystal structure of PbzP(CS)a

The X-ray stucture demonstrated that 2+2 Schiff_;baae condensation had
| taken place to form the dilead macrocyclic complex and that the unusual
N-only bridging mode of thiocyanate is found between the metal ioms. A
weakly bonded and very disordered thiocyanite was located between the
two lead ions. Bach lead ion was also bonded to an S-terminal
thiocyanate.

Thé series of complexes of macrocycle P has been extended to include
triflate Vderivatives. Triflate anion (CFaS0s ! was used as an alternative
to the potentially bhazardous perchlorate anion, which was used in the
original work reported by B.Murphy.'2® The macrocyclic ligand offers
three equatorial donors to each metal ion, leaving .the metal ions-:
coord:ln.ati'-.;e.ly unsaturated and capable of binding 'sm‘all bridging ligands.

Triflate anion has relatively little tendency to act as a ligand3'4 and
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improves the solubility of the complex in polar solvents. Vacant

coordination sites on the meta‘l ion are available to anions, such as

thiocyanate which coordinates " more strongly. The thiocyanate anion,

(ECS~) coordinates the metal ion gnd has va_rinus bonding nodes, whigh

have been outlined in the introduction to this chapter.

Infrared spectral data for the various dilead P complexes is listed

in Table 8. The presence of v(C=N) and the absence of (C=0) and (NHz2)

frequencies in the infrared spectra imply that the nacrocyclié ligand

remaine intact throughout the various transformatioms.

TABLE -8 PHYSICAL DATA FOR THE DILEAD COMPLEXES OF MACROCYCLE P
Infrared spectral data /cm—'. ‘

" Complex 5 shows v(MeCK) at 2322cm~'

COMPLEX COLOUR v(C=N) v(pyr) w(NCS) v(CFaSOs) wv(OH)
1 [Pb2P(HCS) 4] yellow 1642 1582 2090 (s> - -
: 2046 (8)
2025(s)
1970(s>
2 Pb2P(NCS)2(CF2S0a)2  primrose 1644 1586 2097(s) . 1278(s) -
i yellow 1964 (s 1238(s)
: ' 1027 (s>
637 (m)
3 PbaP(RCS) (CFaS0a)>:EtOH crean 1645 1586 19043 (s> 1273 (8> 3430
‘ ' 1240 (s> :
1027 (s)
638 (m)
4 PbzP (NCS) (CFaS0a)s:2H20 crean 1647 1587 2007 () 1273(s) 3435
1239 (8>
1027 ¢8>
638 (m)
S PbaP (CF3803) «: NeCH white 1649 1590 - 1272 (s> -
' 1240 (8)
1219¢a)
1012¢s)
637 (m)
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The pseudo-asymmetric v(NCS) region of the séectra is of 1ﬂterget and is
~ illustrated in figure 9. The complex [PbzP(NCS)sl (1) shows four bands in
the v(CzN) region. The strong absorptions at 1970 aﬁd 2090cm-' are
assigned to ‘a Asingle atom N-only bridging thiocyanate aﬁd a weakly
bonded thiocyanate réspectively. The absorptions at 2046 and 2025cm~’
are attributed to th S-terminal thiocyanates in slightly different
environments, one bound to each lead ion. The slightly different
environments may arisé from the twisting of the structure that is
apparent in the X-ray structure (figure 8).

Anion exchange prm-rides a series of complexes in which the number
of thiocyanate anions vary. Replacement of thiocyanate anion in fhe
tetrathiocyanate complex .with triflate anion was achieved by use of
‘silver triflate. It proved necessary to use the silver salt as this gave a
silver thioéyanate érecipitate which waes easily filtered off. Attempted
aﬁion exchange by use of lithium triflate gave only starting material. The
tetrathiocyanate P complex was less soluble than the triflate dérivatives
and crystallised out of solution in preferené_e to triflate éontaining
producte.. |

On proceeding to the bis- and mono-thiocyanato complexes, a
progressive removal of the various bonding modes of thiocyanate is
observed as illustrated in figure 9. Infrared spectral data shows 'wh:lch
- bonding mode is replaced. In complex (2), [PbzP(NCS)z](CFaSO=)= only tﬁe
thiocyanates giving rise to the absorptions at 1964 and 2097cm~' remain.
" The lower frequency absorption is due to the D‘-oﬁly bri'dging fhiocyanafe
and the absorption at ‘2097cm" is assigned to t'he weakly coordinated

disordered NCS that lies between the lead ions. The residual 2+ charge is
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balanced by t;vo triflate anions. On replacement of another thiocyanate by
triflate, only the N-only bridging thiocyanate remains. '
Progreseive lowaring of the ﬁequénqy of absorption of the

thiocyanate N~-only bridge 1s observed in the series of complexes,’
1970cm~=' in the fetrathiocyanate (1), 1964cr~' in tbe dithiocyanate (2)
and 1943cm~' in the nonothiocyanate (3). This indicates a progreesive
weakening of the C=N bond in the thiocyanate ligand which may indicate
stronger coordination of the K atom to tﬁe two lead ioms. |

Fast atom bombardment mass spectroscopy has been done on complexes
(2> and (3). The fab mass epectrum of the monothiocyanaf.e complex (é)
gave seven peaks gttributgble to mono or dilead P containing fragments,
uhidh are listed in the experimental section. The peak mnegpmding to
(PbaP (BCS) (CFaS0s)2]" was the most intense of the dilead P 'fragnent ‘ioms.
However a low intensity peak (5%) at m/e 1139 correapcndiﬁg to
(Pbz2P (CF2S803) (HC8)2]- was observed. It is possible - that the dithiocyanate
forms during fab nass spactroscopy or there may be some contamination of
the monothiocyanate complex with the dithiocyanate complex. Hkoever, if
the latter is the case, the CHE analyeig did notv suggest the presence of
impurity and the infrared spectrum did notv show a strong absorption due
to another bonding mode of thiocyanate. The intensity of the peak in
the mass spectrun need not necessariiy reflect the percentage of .the
parent sepecies in the mj:e:-ial, ac peak intoneity is also dependent on
the stability of the fragment iom.

The fab masse spectrum of the dithiocyanate (2) shows 1;.he fragment
ion (PbP(CFaSUa)l* as the base peak. The peak due to the dithiocyanate
th:PClCS):(CF:.SOa)]* was of moderate intensity, however a relatively low

intensity peak due to [(PbzP(CF3S0a)a]* was observed. Analysis of the
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percentage of carSon. hydrogen and nitrbgen in the complex did unot-
suggest mpgrity. -

"Although the B-only bridge is retained throughout allr of the
thiocyanate derivatives.' this configuration is not introdﬁoed first when a
triflate anion in the tetratriflate P dilead complex (5) is .exchanged for
a thiocyanate anion. The infrared spectrum of PbazP(NCS)(CFaSOs)a (4)
exhibite  v(C=N) of _thiocyanate at 2097cm=', this frequency suggests
that the weakly bonded thiocyanale was introduced. It is poasiﬁle that
formation of this bonding mode of thiocyanate is ki;netically favoured.

The infrared spectrum of the tetratriflate <8) shows an increase in
the number of absorptions due to the triflate group on comparison of the
infrared spectrum of the complex with that of the. triflate salt.
Coordination of 'metal.ions By triflate has been reported and 1nduc¥es only
slight anion structural changes.®'® Ionic triflate has strong asymmetric
stretch of (SOs) at ca. 12780#"‘ and vVes (SOs) in bound triflate has
been reported to  occur a'l; 1248cm~'. Therefore it is possible that
triflate coordinates the lead ion in thq absence of adequate n‘umbefs of
more strongly coordinating ligands.

It 1s iikely that the ‘ lead ion in complex (5) 1is coordinated by
acetonifrile. A v(NeCN) absorption at 2322cma~' was observed in the
infrared spectrum bt this complex. There appeare to be a trend in the
vC=N frequencies in the series towards highar frequency imine absorption
in the derivatives that bhave fewer thiocyanaﬁ ligands. The
tetraihiocyannte v(C=K) occurs at 1642cm™', v(C=K) for Athe
monothiocyanate occurs at 1645cm-' and w(C=N) for the tetratriflate.

occure at 1649cm~' in the infrared spectrum.
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T;ananethilatiun of PbaP(NCS)a using copper(Il) triflate as described in
the experimental section gave tho complex, [CuzP (KCS)=2] (CF380s)2:H20.
Attempted preparation of the analbgous dicobalt complex by a sipiiar
nethod gave nixtures of relatively insoluble products. The difficulty was
solved by limiting the amount of thiocyanate p;'esen-t. in the reaction
" mixture.’ This was achieved by. use of ‘dilead P tetrﬁtriflate 8) as
starting material, addition of cobalt triflate and two equivalents of
scdiun thiocyanate ‘gave cryatalline dicobalt conplex 7,
[CozP(HC8)e (H20)2]1(CFaS0a)= as the product. FPhysical data for the

homobinuclear complexes of macrocycle P is shown in Tables 9 and 10.

TABLE 9 PHYSICAL DATA FOR THE HOMOBINUCLEAR COHPLBXBS OF NACROCYCLE P,
Infrared spectral data /cm'.

COMPLEX ' v(C=N) v(pyr) v(ECS) v(CFaSOs) v(OH)

6 (CuzP(NCS)2) (CFoSU0s)2:H20 1627(m) - 1589 2116(s) 1280(s) 3420
1256 (s>
1224 (&)
1162 (m
1026 (s)
638¢(se)

7 [Co:P(lCS):(H:O)zl(CF:SO,): 1634 (w, br) 1586 2133 1286(s) 3430
2109 1241 (s)
1221 ()
1160 (m)
1029 (8)
636 (=)
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TABLE 10 Magnetic, electronic sf»ectral and coﬁdut_:tivity data

COMPLEX ' COLOUR u eff / BN<®> N\, ELECTRQNIC
293K 93K SPECTRAL DATA
: vmax - €

PR S

6 [CuaP(NCS8)=2] (CFa80a)2:H20 blue- 1.85 1.81 218 26,700sh

green 15, 000 316
7 (CoaP(HC8)2 (H20)2] (CFaS0a)2 black- 3.5 2.1 23,200sh
brown . 19,000 2300

, ; 15,300 305
(a) moment per transition metal ion. € in mol-' 1 cm™!
/\ in S cn® mol-'

The infrared spectra of the dicopper (6) and Qioqbalt (7> complexes
show significant differences. The dicopper complex (6) displays a medium
intensity, sharp and unsplit o(C=N) abam-ption'at 1627cm~', which is a
frequency typical of the imine group when coordinated to a transition
metal ion.. Although the dicobalt P complex (7). shows an absorption at
sinilér freqﬁency to the v(C=N) absorption of the dicoppar complex, a
markedly different intensity of the w(C=I abeorption is observed. The
v(C=N) absorption is weak, broad and jagged in appearance and is l;liely
to include a contribution frum' 6(QH). The infrared spectrum of “the
dicobalt P complex(7) is showﬂ in figure 10.

Similar low intensity absorptions of the coordinatea imine have been |
noted in complexes where the metal ion was in spin equilibrium @'€-317
The v(C=N) absorption is often absent or strongly reduced in intensity in
trimethine complexes of low spin Co(II) or Fe(II). The intermediate
intensity band observed for complex (7) suggests opei-ation of a 4Tg

aE, spin equilibrium, with appreciable occupation of both states at room
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temperature. The black-brown o'olm..u' of complex (7) is not vfound for high.

epin Co(II) complexes and suggests the preee’ncq of _tﬁe loy spin isomer.
The appearance of the esr mpactrum of (7) as a frozen glass tn MeCH

(figure 11) is another indication of 'thq accessibility of the low spin

state of the complex.

I ' I
2200 ' ' 3200 4200

Figure 11 The e.s.r. spectrum of [(CozP(NCS)2 (H20)2](CF3S503)2 as NeCN
glass at 173K.

The dicobalt complex haa the simple esr épectrum expected' for spin-
paired cobalt(Il) instead of +the broad zero-field split ' spectrum
oh;racte;ietic of high-gpin Co(II>. There was no indication of splitting
of the eight hyperfine components into fifteen, with reduction of the
hyperfine splitting to 40-500‘ as might be expected if the two cobalt
ions were strongly interacting via the thiocyanate bridges. The spectrum
(ﬂgure 11) ehawe a g = 2 signal with eight broad components in the
_parallel band appearing to high field of g. indicating an axially

extended Jabn-Teller distorted tetragonal geometry far the cobalt(II) ion.
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‘Variable t;mperature magnetic susceptibility measurements over the
temperature range 293-93K support . this 1ntarpretatioi;. The room |
temperature moment of 3.5 BN per cobalt(Il) ion is intermediate between
that expected for the high-spin “Tag and low-spin ZEq .ground states and
a further reduction in moment with temperature demcmetrafes the existence
of a thermally controlled 4Tag + 2Eg spin equilibrium. The dicobalt
complex displays two V_(ICS) absorptions in the range typical of the lopé
-NCS- bridging mode of thiocyanate. These are presunably disposed in

centrosymmetric axial/equatorial fashion as illustrated in figure 12.

J e,
,g_ca(ﬁ\ ; §—] =
JeN = ic K
/S N 4
¢ ’I ‘l N I‘
’/N s ! Sc !
h Col___ . “C /’.'

Figure 12 Suggested arrangement of thiocyanate ligands in dicobalt P
A solvent H-.-O molecule completes each dono:f saet, leading to 6-
coordination of each cobalt (II> ion.

The dicopper complex (6) shows only omne thiocyanate frequency,' at
21160m;‘ in the thiocyanate v(C=N) region of the infrared spectrum. ihe
absarpticn is strong and slightly’ broadened when compared to either of
the thiocyanate v(C=E) absorptions obeerved for the dicobalt complex (7).
The analytical data for the dicopper complex (6).’ when considered in
conjunction with the infrared spectrum, suggests two thiocyapafes in
approximately equivalent environments. The macrocyclic ligand supplies
three donors to each copper ion and the two bridging -HCS- groups sﬁpply.

two donors to each Cu(II).‘ as shown schematically in figure 13.
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Figure 13 Suggested coqrdibatian of Cudll) in [CuaP(NCS)z]=*

Thus donors filling five positions of a square pyramid provide a geometry
that is acceptable to the Cu(II) ions. The residual 2+ charge is balanced
by the triflate oﬁunterions.

The electronic spectrum of the dicopper complex is not particularly
helpful in assigning a coordination geometry to the metal ions. One
unsplit d-d absorptiorn is observed, which is at least coneistent with
square based geometry. The DMF frozen glass esr spectrum of the
dicopper (II) complex is shown in figure 14. The g = 2 spectrum showse
g D g; (g1 = 2.24 and g1 = 2.65) which suggests axially extended
Dar and eliminates the possibility of trigonal bipyrmi&l geonetry. The
small hprerfine spli;tting (A;, = 75G) together with the obeservation of 6
lines 61‘ the correct intensity ratio for a seven-line pattern on the low
field wing of gj. suggeste weak interaction between the copper(II) 1ions.
The observation of the ‘forbidden' AM = 2 signal ‘at 10% times the
sensitivity used to record the main band signal., provides further A
evidence that the two copper (il ioms bound 1in macro;:}cle P are weakly
antiferromagnetically eoupled. The half-band signal e:hows 6 of the 7
lines expected and has hyperfine splitting of = 80G. However the variable
temperature magnetic suscéptibility data é:ver the temperature range 293-
93K suggest only weak antiferromagnetic interactions <Ta.ble 10,

'fhe magnetic and esr data for complexes (6) and (7> indicate that
the long -NCS- bridge is not a good transmitter of ﬁagnetic exchange

interactions. Indication of only weak interactions were observed in the
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esr and mngnef.ic data for the dicopper conpl'ex.. The tenperature
dependance of y was not pronounced and only slight lowering of u wa‘s_'
obmerved with decreasing t'amperafure. The presence of appreciable zero-
field splittiné in the esr apeétrum further auggeétg that interaction 1is
weak. The comlugion that the thiocyanate ligand is a poor transmitter of
magnetic interactions is similar to that found in related studies of the

thiocyanate ligaﬁd as a mediator of magnetic interactions.!2® .20

X100 .

@ : 2000 - 4000 -

Figure 14 The DNF frozen glass e.s.r. spectrum of [CuzP (¥CS)z]=*
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IHE HETRROBINUCLEAR COMPLEXES QF P

Trnnémetallation of PbzP(NC8)s with M(CF2802)> as described in the
experimental section produced a series of hetefobipuclm_ complexes that
contain one Pb<* ion and one transition. metal ion H‘(II), where M = Mn,
Fe, Hi-‘ The complexes analysed as the heterobinuclear bis—thiocye.mato-
ditriflates (PbNP(NCS)z](CFa80s)2:xHa0. Fae@ atom bombardment mass
spectral data for the complexes 18 listed in the experimental section
and conﬁfma tﬁeir heterobinuclear nature. : Good agreement is‘ obtained
between the observed and caléulatéd isotopic cluster‘ pattern as shown in

tfigure 15.

’ \4 Ll
H N | ;b H i

'Figure 15 Observed and calculated Isotopic cluster patterns for
- heterobinuclear PbM P conplexes, a) N = i, b) X = Fe, c) N = Mn.

The fab mass spectra of the iron-lead (9). and nickel-lead (10>
complexes show no evidence of the presence of either. ditraneition metal P
or dilead P complexes. The base peak for these 1is due to
[PbIR(lCS): (CF5S0s)1* species and clusters due to other (PbMPI*

containing fragments appear in the spectra. The tab mass spectrum of the
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manganese complex (8) shows no evidence of the presence of the
dimanganese P complex. The base peak is dua to EXLPbP (HCS) 2 (CFaB0a)1*
‘and various other clugters due to MnFBP containing flrﬁgménta are evident.
Howaver there are also peéks at m/e 1230 and 1139 which are due to the
dilead fragment ioms’ [Pb2P (FCS)2 (CFaS0a) 1+ and [Pb2P (BCS)a )™
respct:lvely. This suggests contanination of the heterabinuclear product
with product resulting from anion exchange alone and possibly wifh
starting material, Init'ially. difficulties were encounteredA in obta;l.ning
the pure hetercbinuclear MnPb complex, as became evident from CHN
analysis. The magnetic measuranenfa obtained were low for a high spin
manganese complex. It wasv this product which was sent for fab mass
spectrosoupj. Subsequently, it was found tha't‘ increased -reactian
temperature and isolation ‘by slow evaparation gave pure héterobinuclear
. product and acceptable CHN analysis was obtained for complex (8).

The physical data obtail'm'ed. for the heterobinuclear complexes 1is

sumnarised in tables 11 and 12.
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PHYSICAL DATA FOﬁ THE HETEROBINUCLEAR COMPLEXES OF MACROCYCLE P
TABLE 11 Infrared spectral data /ca™'.

CONPLEX v(C=N) v(NC8) v(CFaS0s> v(OH)
8 [ MnPbLP (BCS) 2] (CFaS0a)=2: 2H20 1646 2101 1249 3430
: 1633 2080 1030
' 637
9 [FePbP (RCS)2 (H20)] (CF2S0a)a 1646 " 2104 1248
. 1630 2078 1032
636
10 (NiPbP(HCS) = (E20)2] (CF280a)2: 2H20 16403h . 2103 1248 3435
1635 2124 1030 :
638
11 [linP(lCS)4]:HaO 16458h 2112 - 3449
' 1634 2082
2058
2023
.12 NnPb(lCS)a(OzCCHa):SHzO 1640 2070 - 3434
1634 2033

Complex 12 shows acatate absorptions at 1581(s,br) and 1417¢s, br) cm'
Triflate has a rich spectrum,only the strongest peaks attributable to
triflate are tabulated. There is uncertainty regarding coordination of
water or triflato in these complexes.

The presence of v(C=N) and absence of amine or carbonyl frequencies in
the infrared spectra confirm that the ﬁacrocycli§ ligand remains intact
on frqnsmetallatibn. The v(C=N) ;baorption is seplit into two equal
intensity peaks in the MnPbP and FePbP complexes (8) and (9). The peak
at 1646cn~' is typical of imine groupe that are coordinated to a lead ion
whereas the peak at lower frequency ca. 1630cm~' did not appear in. the
speétrun of the dilead starting material (see Tab;é 1). This peak is
assigned to the imine groups that are coordinated to the tranaitionA

nmetal ion.
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PHYSICAL DATA FOR THE HETEROBINUCLEAR COMPLEXES OF NACROCYCLE P.
TABLE 12 Magnetic, electronic spectral and conductivity data.

COMPLEX . COLOUR u off BMSa®» _A_  BLECTRONIC

293K 93K SPECTRAL DATA
: v max €

8 MnPbP(NCS)2(CFaS0s)2:2H20 yellow 5.51 5.40 232

9 FePbP(lCS)z(CFaSOa.)z:2HzO purple 4.98 4.57 249 19,900 3200
o 16,5008k

10 NiPbP (NCS8) =2 (CFa80s)=2: 4H20 green 3.17 2.94 insol 25,000 mull.
: : 17,200
10,300
(a) moment per transition metal ion. € in mol-' 1 cm™!
/. in S cn® mol-!

The magnetic susceptibility data obtained for the complexes support the
heterobinuclear formulation. The magnetic moments found per -transition
metal ion for the complexes fall in the ranges expected for high spin
l(n(II)v, Hi<II) and Fe(II) complexes (Table 12).

Analysis of the FePbP complex (9) combined with ‘the _préaenge_ of a
weak OH absorption in the mull infrared spectrum suggests that one water
of crystallieation is present. This water molecule may coordinate the
iron ion of the complex. In the previously reported work on
heterobinuclear P perchlorate salts,’2® a thermally controlled quintet-
singlet spin equilibrium was observed in the the Fe/Pb complex which
led to intermediate values of magnetic moment over the temperature range
293-93K. However in complex (9) it appears that change of solvation or-,
counterion bas altered the felative stability of quintet and singlet

states to the extent that the first signs of reduced magnetic moment oniy

begin to appear at 93K. Presumably replacement of coordinated MeCN, 1in
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the perchlorate salt, with coordinated water or triflate oxygén in the
. triflate salt is the majér factor affecting the temperature at which the
ST 4 TAg transition of coordinated Fe(II) occurs. The electrunic spectrum
gives some indication of the accessibility of the low spin state, in that
a pair of intense metal to ligand charge transfer bands at around
20,000cm~' are observed, as are normally ;:bserved in low spin Fe(II)'
trimethine complexes.®'® The preaenée of the 1650011" v(C=N) peak in
the iron complex (9) fits well with the high apin.nature of iron in this .
complex as shown by the magnetic measurement. In a iow spin iron complex
the v(C=l)‘ of the coordinated imine ie often not visible in the infrared
spectrum due to reduction in intansity or shifting of position, or
both.®'® The oondt-xctivity measurenent for the iron-lead complex falls in
the range expected fﬁr a2:1 electrtslyte in acetonitrile. This suggests
that the thiocyanates remain coordinated in solution whereas the
triflates are ionic. | |

The NiPb complexes (10) and (11) do not show such clear splitting
ot" the C=N frequency and have a strong peak at ca. 1635cm~' and just a
shoulder for the imine groups coordinated to the lead ion. Complex (10)
shows a strong broad absorption at 3300 -3500cm~' in bo‘th the mull and
the KBr disc infrared spectra. This supports the presence of 4H20 as
suggested by the CHN analytical figures. |

The infrared cpectrum of the dark brown MnPbP complex (12) shows
strong absorptions due to the acetate counterion. A strong absarption at
ca. 1580cm~' 18 assigned to vaa(COO) and an absorption at 1417cm™' is
asgsigned to the w.(COO) asymmetric and symmetric stretching modes
reep_ectivgly.‘"" Thiccyanate present in the complex gives strong

absorptions at 2070 and 2030cm-'. The fab mass spectrum of complex
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(12) ehowed m/e 895 as the base peak ‘Thia peak is presumably
attributable to.the (XnPbP (NCS)»]* fragment ion. A strong cluster around
m/e 949 may be attributed to [MnPbP(HCS)a (02CCHa) ]+ (85%). B.s.r suggests
.that the manganese ion -Ain 12) is Mn(ID) as oppbsed to ¥n(III) which is
esr siient. A 6-line Mn(II) esr signal was observed in the dmf glass
'speotrum, which is shown in figure 16. Forbidden lines due to quadruf:ole
interactiona give weak esignals between the ‘allowed hyperfine lines. As
expected, the hyperfine was absent in the esr spectrum of thé solid and a
broa;l g * 2 signal was dbaervgd. The fine structure observed on the low
.field wing of the dmf glass spectrum is unusual and will be investigated
further. It is possible that the complex could contain manganese clusters
in which the manganese ions are linked by acotaﬁe.

The dithiocyanato- heterobinuclear canplexés show two .Vea (HCS)
thiocyanate absorptione in the infrared spectrum. The absﬁrbtions fall in
the range typical of 1,3-p-NCS bridging.. The X-ray _crystal structure of
PbMnP(NC8)s was solved previously and shows that two long bridging
thiocyanates can be accomodated between lead hd the manganese ion
within the cavity of the P macrocycle (figure 17).

Xy

’ chny N C(IR
QCLs) [

Figure 17 The X-ray crystal structure of PbNnP (NCS)a
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The bridging thiocyanates and the tﬁree macrocyclic donore make up five
of the donors to manganeae in the complex. 'he MnPb P complex (8) gives
a nmagnetic nomént in the range expected for an isolated high-spin
Nn(II) ionm. Absorptiona. due to d-d transitions are no£ oi;served in the
electronic spectrum of the manganese compleac. which is as expected as a
result of the selection rules aS = 0 and AL =?f—1. The esr spectrum of (8)
displays a strong isot.rop'ic signal at 3' = 2 which "is eplit into six
l;nea by hyperfine coupling of 94(.‘;. Forbidden lines due to quadrupole
interactions appear weakly batween the allowed hyperfine linee which are
'nomlly obaerfved in Nn(II) esr spectra. The l(nfb complex (8) analyses
as the dihydrate and the mull spectrum indicates the presence of Hz0,
though the water abeorption is relatively less intense than in the mull
spectrun of the FiPb camplex (10).

Six coordination -ie confirmed for Ni(II) in complex (10) by
electronic  spectral measurements and ‘mgngneth‘: susceptibility
measurements. Absarption bands due to the three transitions expected for
Ni<II) in octahedral symmetry are obeserved in the electronic spectrum.
The highest energy transition appears as a shoulder at 25,000cm~' on the
intense charge transfer absorption above 24,000cm~'. This shouldér is due
to the PAzg + 3Tig (P) transition. Absor_ption bands at 17,200 and
10,300cm=' are attributed to 2Az¢ - *T1g(F) and ’hg' - ®T2g transitions
respéctively.' The extinction coefficient of the lowest energy transition
is typical of 6-coordinate ¥i(II) and is much too low far tetrahedrglly_
coordinated Ni(II). lhe room temperature magnetic moment (3.17 BN) s
close to the spin-only value for octahedral Ni(II) ion and shows no hint

of the orbital contribution expected in Ts symmetry.
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It is not clea.r ;uhy heterobimetallic complexes form on transmetallation
of Pb2P(NCS)as with metal ions, Xn(II), Fe(II), and Hi(II). The formation.
of heterobinuclear complexes on tranemetallation with these ions may
occur as a resuit of lower ‘so'lubility of the heterobinuclear complex
. causing this to crystallise out of solution in preference to homobinuclear
transition metal complexes. Alternatively, it 1is pqsgible that the
macrocycle is only capable of ‘providing a suit}.able siﬁe -geometry to one
of these traneition series ions, while the less demanding lead it.nn can
tolerate the {irregular coordination geomgtry offered by the second
binding site. Another possibility is that formation of heterobinuclear
products with Mn(II), Fe(II) and Ni(II) may be a size effecti ‘I‘he P
macrocyclic c;avity is capable of accomodating the non-centrosymmetric
bridge between Pb and Mn(II) but may not be able to accomodate the
longer centroeymmetric hridge that ﬁay be more suitable for
homobinuclear transition metal complexes. The centrosymmetric bridge
requires 5.3-5.8A between the the metal centres whereas the Pb-Mn
distance in the non-centrosymmetrically bridged complex was 4.85A.

The isolation of the heterobinuclear lead/transition metal P
complexes offers' the possibility of replacing the lead ion in
heterobinuclear complexes of P with another transition metal ion to form
_hetefobi-transition métal complexes. The variq\;ls attémpts to substitute
the 'lea& ion in heterobinuclear cOmplej;es of P far a transition metal ion
are summarised in Table 1 in “the -experimental chapter. This 1is
preliminary work .which has indicated pcitentially producti\}e systems.

The Cu(l> ion war; considered to be a suitable metal ilon for the
.transmetallation. Due to the d'® electronic configuratiom of Cu(l), the

- ion does not bave marked stereochemical preferences, and therefore may be
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suited to binding at the possibly irregular site occupied by the lead ion.
In addition, the Fe/Cu heterbbinuclear complex was the most sought after
combinaticm of transition metal ioms, due to the potential of such a
complex as a model for the Fe/Cu containing enzyme cytochrome-c-oxidase
(see introduction to chapter 3), .

Tranametallation of Fe/PbP with Cu(l) as described in the
experimental chapter afforded a deep purple/black powder. Conveniently,
the masses of Fe and Cu are sufficiently different for fab mass.
spectroscopy to be of use in determining ‘the products present. The
product consisted of a mixture of the heterobinuclear Fe/Cu P complex and
a dicopper P complex. The fab spectrum exhibite - peaks due to several
'Fe'/CuP containing fragment ions. The clusters around m/e 693 (20%), 784
(25%) and 842 (15%) correspond to [FeCuP (NCS)z1*, [FeCuP(KCS) (CFaS0a)1*
and (FeCuP(ECS)2(CFaSUs)]* respectively. Clusters due to dicopper
containing fragments were also present, ;lle 586 (10%) which carresponds
to (CuzP +2H]*. Fab mnass apectroacopy is not particularly helpful in
determining the oxidation state of Cu in the product as redox changes can
occur in the fast atom bombardment process. There was no evidence ofi
either FePbP. or CuPbP containing fragments in the fab spectrun..

The esr Bpéctrum of the product was recorded as a dmf glass and is
shown in figure 18. The dmf was deoxygguted befare use. The spectrum
shows a strong copper(ID sign;l indicating that oxddation to Cu(II) had
occurred. The éresen_ce of six hyperfine lines on the low field wing of g.
suggests that there is some interaction between the metai ions of the
complex. The observation of a forbidden balf-band aN = 2 signal provides
further evidence of coupiing. The small hyperfine splitting (75G) is

typical of interacting dicopper(II) complexes. The esr spectrum is likely
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to be mainly due to the dicopper(IDP complex that gave fragment ions in
the fadb apectrum of ‘the product. The relative intensities of the hyperfine
lines do not match those expected for the ceven line pattern of
interacting dicopper(Ill), and may indipate the presence of some non-
interacfing Cu(II) complex. ‘

The product from the attempted FeCuP synthesis was ‘darker in colour
than the FePbP parent coniplex. The dark colour may be due to metal-ligand
charge transfer absorptions involving the iron ion 'and ‘may indicate
accessibility of the low spin state of the 1roﬁ ion. Recrystallisation of
the mixture under nitrogen did' not adequately séparate the prodﬁcts and
requires a relatively large amount of material. Separation of the products
by ion exchange chromatography may be more successful.

Transmetallation of the NiPbP complex (10) using cobalt (II)‘ triflate
gave Brown crystalline product. The fab nasé spectrum showed a cluster
at n/e 516 (75%) which is attributed to [(NiP]*. The isotopic pattern for
thie = cluster closely matched that observed for ([NiPl1* in the fab
spectrum of complex (10). A cluster at m/e 691 (10%5 could be due to
either [CONiP(NCS)2}* or [(Ni=P(NCS)>+H}*. As Co and Ni have similar mass
these alternatives are .distinguishable only by 4% S=Ni peaks present in
high .abund.ance fragments. It 1is unlikely that this cluster is due to
dinickel P as previous fab spectra of the NiPbP heterobinuclear complex
did not show any trace of dinickel P complex. & cluster obcerved at m/e
840 (30%) may be due either to CoN{P(NCS)2(CFsSO0s) or KiPbP®CS)=.
Howe\;er NiPbP geems more probable as a cluster. observed at m/e 840 in
the fab spectrum of the starti'ng complex showed a similar isctopic
cluster pattern. Clusters at m/e 931 and 989 were also observed in both

fab 'spectra and are presumably due to [NiPbP(NCS)(CFaSO2)1* and
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[NinP(iCS)z(CFsSOs)J*. The relative intensities of the peaks at 840, 931
and 989 are similar in both spectra. The cluster at 989 (100%) could
poeeibly be due to NiCoP(NCES):(CFa803)z]* , ganerally in the fab spectra
of the P complexes loss of a triflate anion from the. complex gives a
fragment ion that corresponds to the base peak. The isotopic cluster
pattern for the base peak matches both formulatione fairly weil and does
not provide firm evidence. The brown colour of the complex does not.
disprove the NiPbFP poesibility as aa:iples of brown NiPbP (HCS)z (CF3SOa)=:
NeCN have been obtained. It appears that coordination of MeCN can lead to
brown colouration of the NiPbP complex.

Hagnet1§ susceptibility measurements gave yxo» = 4.417 10~= cgsu
which on the basis of the formulation KM 'P(NCS)2(CFaSOax)z led to ‘u =
3.43BN per complex far CoHiP.v'u = 243 per Ni for FiaP and p = 3.65 per
N1 for NiPb. The ranges of magnetic moments usually observed for these
ions are as' follows, KFi(II) O 2.8-3.3, Co(Il) he 4.5-5.2, 1ls 1.8BM.
Calculation of y for tpe ¥iCoP alternative using the KNi(II) and Co(ID
ranges above, can give a value that is close to the observed value. The
FiPbP and Ni2P alternatives do not fit the expected values.

Transmetallation of NiPbP (10) using Cu(NeCH).(ClO.) gave mainly
anion exchhngé products. The fab mass spectrum of the product showed m/e
939 [PbNiP(NCS)=2(C104)]* as the base peak. A weak cluster was observed |
around m/e 794 this may indicate the presence of the fragment ion
[NiCuP (FCB)a (C104)1*.

Attempted exchange of the lead ion in MNn/PbP complex (8) for Cu(D)
gave pale yellow product which showed a tendency to become green in air
" suggesting the presence of Cu(I) in the product and 1ite  subsequent

oxidation to CudIIl). However, fab mass spectroscopy indicated that both
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the Nn(II) and Pb(II) ions of the P starting material were substituted by
-copper 1ion. Intense cluéters due to dicopper P containing fragment ions
were obéerved. The fab mass spectrum of thé product shows peaks due to
(CuzP(HCS)1* m/e 642 (100%), (CuzP(NC8)2]* m/e 706 (8'01.),- [Cu:P(lCS)(
CF2S0aJ* m/e 793 (70%) and [CuzP(BCS)2( CFaSOal* m/e 894" (65%). The
presence of less intensee clusters At 8-9 m/e (10-15 %) lower than the
dicopper peaks may indicaté the presence of some of the heterobinuclear
NnCuP cony;lex.

Attempted exchanga of the lead Aion in MoPbP faor E:l.(II?- was
unsuccessiul. The fab. mass spectrun shows peaks at m/e 838 and 988.
These are 1likely to  correspond to  [NiPbP(NCS)=-HI+  and

(NiPbP(NCS)2 (CF2S0ax)-HIl+ fragment ioms.
Attempts to exchange the lead ion in heterobinuclear MnPb and NiPb

compléxes of P far a copper(Il) ion resulted in formation of the dicopper
complex Cu2P (NCS)2(CF3S0»)2. The product wae characterised by infrared
spectr.oseopy. CHN analysis and magnetic measurements. .‘I‘he . product had
the same blue-green_‘ colour as the dicopper complex of P (6) whieh wae
obtained previocusly. The intrared spectra of the tﬁo were i‘dentical
and magnetic measurements gave results that were close to those expected
for Cu(II) (2.06BN / Cu,(IIV) and unlike the value for u expected for NidID
or Mn(II) complexes. The formation of dicopper(II) complex as the
product af these reacticms.b necessitates both the replacement of the lead
ion and the transition metal ion of the starting material. Thus both the
transition metal ion and the lead ion bound in heterobinuclear complexes

‘of P must be reasonably labile.
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DILEAD CONPLEXES OF MACROCYCLE MC

The MC macrocyclic complex l:;as the A5-:carbon link between coordination
éites elaborated by incorporating a 1,3 cyclohexyl unit. The -najor reason
for investigating the 1,3 cyclohexyl ' containing macrocy.cle was the
p@ibiiity that the cyclohexyl ring would offer increased steric
protection to the binﬁclear Bridged assembly. The increased hydrocarbon
content of the macrocycle leads to superior soclubility of the MC complex
in polar organic solvents, relative to the apalogoue P complex. Template
synthesis of the MC macrocyclic complex prooeeaed in a similar fashion
to synthesis of the P complex. In poth. the insoluble Pb(NCS)= template
species dissolved to give a yellow coloured solution and product was
isolated as yellow crystals. The similarity between the. infrared spectrum
of the HC complex and that of the P complex suggested that 2+2 Schiff-
base condensation had occurred. The presence of v(C=N) at ca. 1640cm~'
and the absence of ani;xe absorptions in the region 3200-3400cm~' or
cerbonil frequencies around 1700cm~' in the infrared spectrum implied
that Schiff-base condensation was complete. In addition the presence of
four strong thiocyanate abeorptions, including a frequency due to a
bridging mode, suggested that two template 1on§ were bound in the
macrocycle. Such factore, combined with the crystalline nature of the
product and it's soiubiiity in acetonitrile s\iggested macrocyclic rather
than polyneric product. Subsequent CHN analysis and FAB mass
spectroscopy showed that the 2+2 macrocycle had formed and that two lead
ions were bound by the macraocycle. The various Pb(ID) conplexes of MC

together with selectad infrared spectral data are listed in Table 13.
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PHYSICAL DATA FOR THE DILEAD CONPLEXES OF MACROCYCLE MC.
TABLE 13 Infrared spectral data /cm™’'.

COMPLEX COLOUR v(C=N> v(HCS) v(CFaSOa)> v(OH)
13 Pb2MC(NCS)«:EtOH yellow 1640 2091(s) - 3430
2048 (s)
2007 (s)
1969 (s>
14 Pb2MC(NCS)2(CF2S0a=)=: EtOH NeCN primrose 1644 2077(s) 1278(s) 3420
' yellow 1988(s) 1238¢(s)
1027 (s)
© 637 (m
15 Pb2MC(HECS) (CF2S0s) 3 " cream 1645 1955(s> 1273(s) f‘
1238 (s)
1027 (s)
638 (m)
16 PbzMC(CF3S02)4:EtOH MeCHN white 1646 - 1272 (s> 3420
. 1219(s)
1012¢(s)
637 (m)
17 Pbz2MC(C10a)a:H20 cream 1647 - - 3420

All of the complexes showed v(pyridine) at ca.1587cm .
Complexes 14 and 16 showed vMeCKN at ca. 2280cm™'

The presence of a v(C=N) absorption and absence of amine or carponyl
frequencies indicates that the macrocyclic 1ligand remains intact
througﬂout the various transformations. The tetrathiocyanate (13) shows
four bands in the pseudo-asymmetric v(NCS) region; The strong absorption
at 1969cm~' is assigned torthe single atom N-only bridging mode of
thiocyanate. The two absorptions at 2048 and 2007cm~' are attributed to
two S-terminal thiocyanates in different environments. Subsequent X—r&f
crystallograpbic evidence 'confirming the presence of the EN-only bridge

was supplied by Dr.V.McKee of the University of Canterbury, New Zealand.
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IHE X-RAY STRUCTURE OF PbzMC(NCS)a

The X-ray crystal structure of PbzMC(NCS)« is shown in figure 19. The
structure confirms that 2+2 Schiff-bace condensation has takea place to
- give fhe dilead macrocyclic complex. The cyclobexyl ringe adopt chair
conformations and are folded away from the coordination site. Therefore
the cyclohexyl rings d6 not provide additional steric protection to the
coordination site. Each lead ion is bonded to two imine N donors énd to a
N of the pyridine head unit. In addition, each lead ion is coordinated by
an S-terninal thiocyanate. The S-terminal coordination mode is expected
for the relatively ‘soft' lead ion on the basis of Pearson’s hard/soft
acid/base theory. This PbzMC(NCS)2 fragment fits C» symmetry. There is
alsb one thiocyanate which is bridged through the N atom only to both
lead ions. The nitrogen atom ‘of this thiocyanate lies on the two-fold
axis, though the carbon and sulphur atoms are disordered to either side
of the axis. Both orientations are sbhown in the crystal structure. Each
pyridine 2,6-diimine subunit of the macrocycle is planar and is folded up
~ like butterfly wings on either side of the N-only bridging thiocyanate.
The fourth thiocyanate was severely disordered and is best considered
only weakly coordinated. This thiocyanate is located somewhere between
the lead ions on the exposed lower face of the ma.crocyclic complex. It is
assumed that the fourth BCS does not form part of the coordination
sphere. As a result each lead ion ic acsumed to be S-coordinate. The
geometry of the lead vion in the coordina;tion sphere is a distortea
trigonal bipyramid. The three macrocyclic donors | 111 the equatorial
sites, tﬁough there is distortion as a result of steric comstraints. The

terminal ~SCK and the N-only bridge fill the axial positions. The Pb-Pb
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distance was found to be 4.44A which Is remarkably similar to the Pb-Pb
distance of 4.34A In the analogous P complex.

Thus the N-only bridging mode of thiocyanate, which was suggested by
the Infrared spectrum of the dllead MC complex, was confirmed by X-ray
structural analysis. The complex adds to the number of structurally
defined compounds containing the unusual N-only bridging thiocyanate. The
results strengthen the correlation between structure and Infrared

spectral frequency ( < 2000cm"' ) for this bonding mode.

TABLE 14 Selected X-ray crystallographic data

BOND BOND DISTANCE/A BOND BOND AN
Pb-N1 2.44 N1-Pb-N2 64*
Pb-N2 2. 48 N1-Pb-S21 83*
Pb-S21 2.9 N2-Pb-S21 81*
Pb-N31 2.7 N1-Pb-N31 76*
Pb-N3 2.5 N2-Pb-N31 82*
S21-Pb-N31 158*
N1-Pb-N3 64*
N2-Pb-N3 128*
S21-Pb-N3 89"
N31-Pb-N3 88°
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The pseudo-asymmetric vECS) region of the spectra of dilead MC
complexes are shown in figure 20. The tetrathlocyanate (13) shows four
bands, the N-only bridging NGS at 1969%cm"' and two S-termlnal
thiocyanates in different environments at 2048 and 2007cm"' . The weakly
coordinated thiocyanate which was not precisely located in the crystal
structure determination gives the absorption at 2091lcm"' . This frequency
is somewhat higher than the free ion value. Treatment of the
tetrathlocyanate MC complex (13) with AgCFaSOa results in replacement
of thiocyanate by triflate anion. The replacement can be carried out
sequentially, substituting triflate for 2, 3, or 4 of the thiocyanate
groups. A similar trend to that observed in the P series unfolds. In the
complex PbaMC (NCS>2 CCFaSOa)» the two terminal thiocyanates have been
replaced leaving the N-only bridging thiocyanate and an NGS that gives a
2077cm"' absorption. Replacement of another thiocyanate leaves only the
N-bonded thiocyanate.

In both the dilead P and dilead MC series replacement of NGS with
triflate results in a gradual lessening of yellow colour as the number of
thiocyanate groups decrease. This suggests that the strong yellow colour
of the tetrathiocyanates is due to charge transfer processes involving
the thiocyanate group. Removal of the coordinated thiocyanates create
vacant coordination sites on the metal ion.

The tetraperchlorate (17) was obtained by treatment of complex (13)
with silver perchlorate. The infrared spectrum of the tetraperchlorate MG
complex (17) is Informative. Splitting of the wvs perchlorate mode
suggests that perchlorate is coordinated to the metal Ion. The
tetraperchlorate MG complex shows vg perchlorate absorptions at 1101,

1012 and whereas the Va absorption at 622cm"' is wunspllt. The
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Figure 20 The vae (NCS) stretchking region of dilead NC thiocyanates



172

splitting of the vs absorption suggests some reduction in symmetry of

the perchlorate.

IHE HOMOBINUCLEAR CONPLEXES OF MC

Transmetallation of PszHC(HCS'); with Cu(II> or Bi(II) as described in
chapter 2 reaulf.ed in formation of 'l';he dicopper and dinickel NC complexes
(18) and (19 respeétivgly. Physical data for the homobinuclear complexes
is listed in Tables 15 and 16.

PHYSICAL DATA FOR THE HONOBINUCLEAR CONPLEBXES OF MACROCYCLE MC
TABLE 15 Infrared spectral data /cm'.

COMPLEX ) v(C=N) v(NCS) v(CF3SOs) v(NOa) .v(OH)
18 CuzPbNC(NCS)=2(CF350s)2:2H20 1627(m) 2111(s) 1276(s) - 3420
1255(s) - '
1157 ()
1030¢(s)
638 (s)
19 Ri2MC(HCS)2 (BOs)2 1629 (m) 2143 (8) - 1383¢(s8) -
' 2079 (s) 1325 (m)
1292 (s)
805 (w)
810(w)

The infrared spectra show a medium 1ntensity.unep11t v(C=N) absorption
and amine and carbonyl frequencies are abeent ind1c§t1n3 that the
macrocyclic ligand remains intact 1ﬁ the transition metal complexes.

;I‘he dicopper complex (18) ahowa. a strong absorption a‘t 2llicm' which
is probably due to the long -NCS- bridging mode of thiocyanate.
Consideratiun of the infrared spectral information along witk the CHK
analytical data suggests that the complex containe two thiocyanates in

approximately equivalent environments.
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The frozen glass ear‘ spectrum of the dicopper. complex (18)
suggests that there is waak-interaction between the copper centres,
presumably via bridging thiocyanate. Although the frozen glass esr
spectrunm is not well resolved, five lines can be discérned on the side
of'the gL signal. Examination of the 1500-1600G region of the spectrum
at high sensitivity reveals the forbidden 'balf-band' AN = 2 signal,
which appears approximately 10-2 tinea‘thé intensity of the g = 2
signal. The half-band signal is split by hypérfine coupiing and five
lines of tﬁe correct intensity ratio for a seven line pattern are
observed, auggésting weak interaction between the copper(Il)
centres. Variable ’temperature magnetic susceptibility measurements
aleo indicate weak interaction between the metal centres (table 16). A
reduction in magnetic moment from 2.03BN at 300K to 1.66BM at 80K was

observed.

TABLE 16 Magnetic, electronic spectral and conductivity data.

CONPLEX COLOUR u eff(a) -/\. ELECTRORIC
‘ 300K 80K SPECTRAL DATA
A4 £

18 Cuz. "NC(NCS)2 (CF2S0a)2:2H20 green 2.03 1.66 238 14,600 1385

19 Hi2NC(NCS)2(H03) 2 , gage 3.06 2.70 insol 28,000 mull
. green : 22,200(sh)
16,9800
10,270

(a) moment per transition metal ion in BN.
/\ in S cn®* mol-!
vinecm!, € in 1 mol='cm~',
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The electronic spectrum of the dicopper complex (18) shows a single
unsplit d-d transition at 14,600cm~', € = 185 1 mol~'cm~', which does .not
reveal much infdmntion on coordination geometry of the complex. However
the presaence of this absorption is congistent ‘with tetragonal geometry.
The conductivity measurement for the complex in acetonitrile falle in the
range expected for a 2:1 electrolyta. This suggeste that the thiocyanate
- anions remain coordinated in acetonitrile eolution and that the triflate
anions are ionic.
The dinickel complex (19) was synthesised as described in the
experimental section. It was found that uese of nickel nitrate as source of
Hi<II) ion facilitated removal of lead ion from the dilead NC ccnvlplexA as
Fb (ﬁOa>z precipitate. The precipitate formed relatively 'quickly and was
removed by filtration before the macrocyclic products were obtained. By
contrast, transmetallation attempte using nickel triflate, nickel
perchlorate or nickel chloride presented problems. Either only anion
exchaﬁge took place or a mixture of insoluble sage-green products
contaminated with lead thiocyanate was obtained.

The electronic spectrum of the dinickel complex (19> suggests

octahedral coardination of the Ni(II) ions. The absorptions at 10,270ca~!’

and 16,900cm~' are attributable, respectively, to the FA2g 4 PTzg and

A2g + >Tyg(F)transitions expacted in octahedral symmetry. The highest
enargy band expacted PAag + 3Tig<(P) appears as a shoulder at 22,200cm™’

on the side of the intense charge transfer absorption. Due to the

insolubility of the complex, only the mull spectrum is available and thus'

extinction coerficients were not obtained.
The suggested octahedral geometry may be obtained by coordination

of the Ni(IID 1ion by three macrocyclic donors, the two bridging
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thiocyanates and a nitrate. 'Coordinaticm of nitrate is suggested by
strong aplitting of the nitrate absorption in the infrared spectrum.@z°
Nitrate abesorption bande .occur at 13883, 1325, 1262, 805 and 8i0cm~'.
The magnetic susceptibility measurements for the dinickel MC complex fall
in the range expected for high-spin 6-coordinate Ni(II), and confirm 6-
coordination of the metal ion. A reduction in moment per Ni(II) ion from
3.0 to 2.7BNX over the temperature range 300-80K was observed.

All attenipts to produce a cobalt NC macrocyclic complex failed. Only
dilead macrocyclic products incorporating the Co(NCS)s complex an:l‘on were
obtained on attempted transmetallation using cobalt(II) thiocyanate or
Co(II) nitrate. Stfong reflux of the tetratriflate (16) comélex with
cobalt(II) triflate in acetonitrile gave only ring-opened species, as
shown by the presence of anine and carbonyl frequencies in the infrared

spectrumn of the product.

IHE HETEROBINUCLEAR COMPLEXES QF NC

Transmetallation of Pbal(C(ICéh (13> with transition metal ions Fe(ID
and Nn(II), as described in the experimental section, produced
hetercbinuclear complexes that contain one lead ion and one transition
metal ion. Fast atom bombardment mass spectroscopy verifies the
heterobinuclear nature of the }(n/Pb and Fe /Pb macrocyclic complexes (21)
and (23). Tthe tfab mass cpectrum of the iron/lead macrocyclic complex
showed a strong peak due to [FePbMC(NCS8)a(CFaS0s)}+ and various other
‘peaks due to iron/lead fragment iome. These are listed in the
experimental section. Peaks due to either PbaNC or FezNMC species did not
appear in the spéctrum. The fab mass spectrum of the heterobinuclear

manganese/lead complex (21) showed MnPbMC(NCS)z 02>+ as the base peak
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and peaks due to dinanganese or dilead species were not observed. The
complexes analyeed as the heterobinuclear XKC bisthiocyanato- complexes,
FePbNC (NCS)2 (CF280s)= and NnPbNC(HCS)2{H0s)a.

Iitmte was used as the counterion in tranemetallation with MndID) as
it proved impossible to obtain pure heterobinuclear products on use of
Nn(CFaBS0a)2 or MNn(ClOs)a. Metal exchange attempts using manganese
triflate gave mixtures of heterobinuclear MC and dilead NC anion exchange
products. 'Uee of Xn(0a2)=2 in trahametallafion resulted in relatively rapid
and complete formation of lead nitrate precipitate which was filtered off -
before roductivon in vdlume to yield the heterobinuélaﬁr product.‘ Byv
contrast, the lead thiocyanate formed in the transmetallation of dilead
NC with manganese triflate, formed more slowly and contaminated the
macrocyclic products. Presumably the greater insolubility of lead nitrate
in acetonitrile assists in driving the metal exchange forward.

The transmetallation of dilead MC with Fe(CFsSOs)2 proceeded without
difficulty, lead thiocyanate formed quickly and and was removed . by
filtration before the heterobinuclear prodﬁct wae obtained. It appears to
be more difficult to exchange the lead ion for manganese(Il) than for
iron(II>. (This may be a size effect, due to manganese(II) being larger
than iron(II), it may be more difficult‘ to accomodate Mn and ©bridging
thiocyanates in the macrocyclic cavity. Infrared epectral data for the

hetarobinuclear complexee of the NC macrocycle is shown in Table 17.
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PHYSICAL DATA FOR THE HETEROBINUCLEAR COMPLEXES OF MACROCYCLE NC
TABLE 17 Infrared spectral data /cm'.

CONPLEX v(C=N) v(NCS) v(CF2S0s) v(NOs) v(OH)
20 MnPbLNC (HCS) «: H20 1643 (m) 2056(s) - - : -
1632<(m) 2005¢s) :
1909 (8)
1977 (8)
21 MoPbMC(EC8)=2(N03)=2:2H20 1647 (m) 2054 (&) - 1424 (m, br)
: 1635¢(m) 1975(e) 1383(8)
: 1285 ()
821 (m

22 NnPbMC(NCS)a«:MeOH Hz0 1647 (m) 2067 (8) ~
1634 (m) 2005(a)
1980¢(s8>

23 FePbNC (NCS) 2 (CF2S0a)=2: 2H20 1651 (m) 2061(g8) 1296 (s) -
1627 (m) 1961(s8) 1258¢(8)

1237<¢s)
1169 (s>
1026 (8)
636 (s)
24 NiPbKC (NCS)=2(KOa)=2 1628 (m) 2137 () - 1425 (br)
2079 (a) 1382 (&)
1285 (m)
820 (m)

The presence of v(C=N) and the absence of frequencies attributable to

amine or carbonyl groupe in the infrared spectra of the heterobinuclear

complexes impliese +that the macrocyclic 1ligand remaine intact on

transmetallation. The imine absorption is split into two equal intensity

peaks in the MnPbHC and FePbHC complexes (21) and (23). The w(C=H)

absorption at ca. 1630cn~' is 'typioal of an imine that is coordinated to

a transition metal ion and the peak .,at ca, 1648cm-' is at similar

frequency to the v(C=N) of the dilead starting material, and can be

attributed the imines coordinated to the lead iom,



178

The presence éf thé imine absorption when coordinated to Fe(II) in the
iron complex'suggests that the Fe(ID) ion is high spin as was gonfirned
by magnetic méa;sux;ements in the ténperature range 300-80K (table 18).
There was no indication of a high-spin low-spin crossover in this
: temperatufe range. Thé v(CE) of_thiocyanaté in the infrared spectra of
MXnPbXC and FePbNC bis—thiocyanatoj complexes each display two stréng
absorptions. The infrared spectrum of MnPbMC, complex (21) shows an
absarption at 1975cm~' which is attributed to the N-only bridging mode
'of thiocyanate. Likewise the infrared spectrum of the FePbMC complex (23)
(figure 21) shows an absorption which suggests the presence of an N-omnly
bridge, at 196lcm~'. The infrared spectrum of the complexes ‘also show an
absorption at ca. 2055cm~' which may be due to a long bridging or
terminal thidcygnate. The ©presence of a terminal tyiocyanate is
considered more prob;ble as vto date there‘ are no reports of a
structurally determined example of a complex that hae both a KN-only
bridging thiocyanate and a long -NCS- bridge between the same two metal |

ions. This combination may not be feasible.

TABLE 18 Magnetic, electronic spectral and conductivity data.

CONPLEX COLOUR H effes? /.  ELECTROXNIC
. 300K 90K ~  SPECTRAL DATA
v €
21 MnPDbMC (NCS)2(FOa)=: 2H20 yellow - 221
23 FePbMC(NCS)=2(CFaS0a)=:2H=0 purple 4.98 4.48 - 19950 3300
‘ : 16300sh
24 NiPbMC(NCS)2(N0a)= green - 3.2 2.8 1imsol 25500
o ~ 17100
10300

(a) moment per transition metal ion in BN, /\ in S cm® mol™'
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. The esr spectrum ot ‘the MnPbNC .conplei (21> as a dma glasa showed a
strong g = 2 eignal whichk is split into six lines by hyperfine coupling.
Forbidden lines due to quadrupole interactione appear weakly between the
hyperfine lines. The MnPbMC conplex' (21) proved tob be unstable. In
solution at room temperature the camplex becomes brown within days. The
solid sample 'also becomes brown if not stored at‘ low .tanperature.‘ The
infrared spectrum of the resultant brown solid sﬁows that the N-only
bridging thiocyanate is lost. Although cryatals of the MnPbNC complex;

(21> which were suitable for X-ray diffraction were obtained, these
' disintegfated while the data was being collected.

Preparation of the f(nPbHC tetrathiocyanate complex (20)was
attemptéd in the hope that crystale suitable for X-ray diffraction would
reault.- Tl:;e infrared spectrum of the orange tetrathiocyanate NnPbNC
complex (20) displays four v(CN) thiocyanate frequenciesa. The strong
absorption at 1977cm~' is attributed to.an -l-onil.y bridging thiocyanate.
The absorptions at 19989 and 2005cm~' were thought unlikely to be
bridging although they fall in the range associated wiﬁh the HN-only
bridge; The renainingA tf.hiocyanate gives an absorption at 2056cm™’,
similar to that found in the dithiocyanato NnPb complex (21). The X-ray
crystal structure of the complex has been determined by Dr. John Malone.
The crystal was protected from ﬁe ‘atnosphere while tﬁe data was

collected.
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IHE STRUCTURE QOF MnPhNCNCS)a
The X-ray crystal structure of MoPbMC(NCS)s is shawn in figure 22 and
selected X-ray crystallographic data '1s shown in table 19. The lead and
the manganese ions are bound t0 a trimethine site at either end of the
macrocycle. The manganese ion is coordinated by two terminal thiocyanates
which are bo.und via the nitrogen atom. Coordination of the thiocyanate
ligaﬁd through nitrogen is expected for the.mang‘anese ion 01.1 the basis of
PEBI‘SOI.‘I'B bard/soft acid/base thebi‘y. A thiocyanate anion bridges the
metal ions through the nitrogen atom only, |
The manganese ion is s_ix co—ordinatg and has an irregular geometry,
being bondet_i to the three macrocyclic N-donors which are coplanar ( Mn- .
K3, ¥n-F§4, Mn-N5) and an N-terminal thiocyanate, the nitrogep of which is
close to this plane. The remaining K-terminal thiocyanate and -the N-only
bridge occupy approximate axial positions’. The coordination arouﬁd

manganese le represented below.

Figure 23 The cowrdination around manganese

The lead ion in the complex is five coordinate and has‘ an irregular
coordination geometry. Irregular coordination sites have been reported in
many lead ion macrocyclic complexes.'®€ 68 The lead 1on 1is quite

adaptable and tolerates a range of coordination geometries.
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TABLE 19 Selected X-ray crystallographic data

BOND BOND DISTANCE BOED - BOND ANGLE

Pb-N1 2.604 N1-Pb~N2 68’
Pb-§2 2.544 N1-Pb-R6 64°
Pb~N6 2,474 “H1-Pb-R7 78°
Pb-K7 . 2.624 F1-Fb-N10 82°
Pb-N10 2.554 H2-Pb-¥6 131°
¥2-Pb-§7 84°

F2-Pb-R10 83°

§6-Pb-X7 94°

H6-Pb-K10 83°

H7-Pb-K10 159°

Nn-E3 2,342 H3-Mn-H4 70°
Nn-K4 2.344 H3-Mn-¥5 140°
M¥n-§5 2.424 N3-Mn-X7 87°
Mn-E7 2,534 N3-Mn-H8 86°
Nn-N8 2,254 : H3-Nn-§9 109°
Mn-N9 2.004 .H4-Mn-¥5 70°
) ¥4-Mn-R7 : 81°
H4-Mn-¥8 85°

H4-Mn-H9 .176°

H4-Mn-¥8 92°

Pb...Mn 4.164 K5-Mn-¥8 86°
F5-Mn-¥9 111°

H7-Mn-K8 167°

¥7-Mn-E9 95°

H8-Mn-N9 99°

-

The coordination of the lead ion by N-terminal thiocyanate contrasts with
the structure of Pb2NC(NCS)a(Figure 19), in which the .lead ion is
coordinated to an S-terminal thiocyanate. Coordination of lead by ¥N-
terminal thiocyanate is quite unusual. Generally lead is coordinated
through the S atom of the thiocy@nate ligand, in agreement with Pearson's
hard/soft acid/base theory. It is poseible that. in the PbMnNC complex
coordination of lead by S of the thiocyanate mﬁy result in steric
interaction between the thiocyanate ligand and the macrocycle. Interaction
may involve tha maorocycie that binds the Pb-KCS subunit or the
neighbduring macrocyclic complex in the crystal lattice. The N-N-CS

arrangemont has a bond angle of approximately 170' which is close to
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linear whereas the alternative N-S-CK arrangene.nt has a bond angle which
is close to 100°. Steric interactions haée previcusly been suggested to be
responsible for coordination of thiocyanate through nitrogen to & ‘soft’
netal ion in sterically crowded complexes.

The X-ray structural determination provides the first example of an
E-only bridging thiocyanate in a bheterobinuclear complex. The structure
confirme the inference, from the infrared spectrum of the complex, {:hat
the H—énly bridging thiocyanate 1s present. In addition the structure
lends further support to the correlation between ‘'low' infrared absorption.
frequency and the F-only bonding mode of thiocyanate.

Hormally the N-only bridging mode of thiocyanate when found in a dilead
parent complex would not exist after transmetallation with a transition
netal ion. The change in eize of the metal ion often results in an
internuclear separation that is no longer suitable for binding a single
atom b;idge. The relatively large size of the manganese(II) ion, compared
to that of the other 'transition metal ions, is likely to pz;ovide the
smallest internuclear separation in the complex and is more likely to
permit binding of the single atom bridge betwean the metal ions. However,
comparison of the internuclear separation found in the parenf PbaNC
complex (13) with that found in the NnPbMC complex (20) shows that the
internuclear separation is smaller in the lnPbﬁC case. The manganese-lead
intarnuciear distance 1is 4.16% which oontrasts with the internuclear
separation of 4.444 found for the dilead parent MC complex.

- The MnPbNC etructure (figure 22) conttéata with the structure of
MnPbP(NCS)a (figure 16) which shows two long -BCS- bridges between the
inanganese_ and lead ione. The le;d and nanganese ions of the P structure

have a separation of 4.854. Bach metal is six coordinate and is bonded to
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three nitroéens of the macrocycle, a nitrogen atom of a terminal HNCS
group and two atoms of the bridging thiocyanate group. The lead ion 1s
bonded to the sulphur atoms of the bridging thiocyanates and the
nanganese is bonded to the nitrogens. of the bridging thiocyanatas. |

The brown manganeee complex NnPbNC(NCS)«:MeOH H20 (22) as the solid
gave a broad esr signal indicating that the mangan@e ion is Mn(ID. A
" six-line hyperfine eplitting was observed in the spectrum of the complex
as a dmf glass. The electronic spectrum of complex (22)shows that the
tail of the intense charge transfer absorption extends acrose the viaible
region, accounting for the brown colour of the complex. As expected, d-d
bands were not observed.

The heterobinuclear NiPb complex (24> was obtained. as a small second
crop from the reaction that formed the dinickevl KC complex (19). The
infrared spectrun of the heterobinuclear PDNINC complex showed
thiocyanate absorptions at 2137 and 2079cm~' which fall in the range for
long bridging thiocyanate. Absorptione due to ﬁitmte counterion were
typical of uncoordinated nitrate. Bands at 1382, 815 and 721cm~' were
observed due to the three infrared active modes of ionic Da» HOs-. The
electronic spectral data for the complex suggests six coordination of the
Fi<II) ion as the three bands expected for Ni(II) in octahedral symmetry
were observed. The infrared spectrum did not show an absorption due to
acetonitrile therefore it 1s probable that the sixth coordination
position on the nickel (II) ion is occupied by a water molecule.

The formation of the heterobinuclear Fe/Cu complex with macrocycle P.
susgested that the Fe/Cu complex of macrocycle NC may be obtainable. This
was the only preparation of a heterobinuclear transition metal complex of

tha NC macrocycle which was attempted. The reaction between FePbNC



184

complex ¢3) and Cu({eCE)4(CF»S0Os) as described in the experimental
section gave a mixture of products. Fab mass spectroscopy indicated that
the mixture - included the heterobinuclear Fe/Cu MC complex, FePbNC
starting ﬁate:rial and poésibly PbCuMC compléx. The fab mass spectr;m
of the product showed a cluster at m/e 773 (50%) which is attributable to
{FeCuMC(NCS)al*. The cluster around m/e 809 (20%)may be‘ due either to
[FeCuMC (CFaSO)I¥ or to [CuPbNC]+ , likewise the cluster at 1108 (25%)
may be due to [FeCUNC (CF380s)a]* or to [PbCuMC(CFsSCws)z+HI* . The cl;xater
around m/e 952 (15%) can be assigned tQ (FePDMC(CFaSQOa)]™.

Esr showed that the- product containg Cu ('II). The dmf glase spectrum-
shovwed a ﬁon-interacting Cu(IIl) signal, with hyperfine splitting of 150G.
'The dmf glass esr spectrum of the product is shown in 'figure 24. The
product mixture. was &oluble in acetonitrile and eseparation by ion

exchange chromatography may be possible.
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INTRODUCTION

Transition metal ooﬁplaxea of ligands containing the a-diimine group
(=§=C-C=N- ) have been atudied extenaively for the past thirty-iive years.
The distinctive nature of the o-diimine group was first recognised by
Krumholz _in 1953 .2' By comparison of c;mplexes of phenanthroline and
bipyridyl with those of simpler « diimine ligands he concli,:ded that it Qaa
only of aecondar)} importance whether ar not the a diimine group belonged
to a conjugated heterocyclic systemn.

The oa-diimine group has excellent chelating ability and complexes of
a-diinines with metals from each group of the periodic table are
lgnown .333'335 The chemical and physical properties of a-dimine bomplexes
have been reviewed.®24-32¢ (ng of the most striking properties of these
ligands 1is their ability to stabilisq metals in low oxidation
states.?2722® The infrared spectra of transition metal complexes of o-
diimines show siénificant shitls of wC=E) to lower frequencies on
coordination as a result of the ligands ability to act as electron.
acceptors.®2®—331 The electronic spectral bande which are responsible for
the intense colours of the transition netgl cbnplexea of a-diimine ligands
have been assigned to netal to ligand (d - n*) charge tranefer bands.'”°
The delocalised character of the chelate rings can be represented as a
resonating system as confirmed by nmr studies on diamagnetic tris
a—diimine Fe(lD) oomplexos.2®2 and ear spocfrn of tris bipy complexes of
87V and 533Cr.®*® Low oxidation statea. -of the metal -are stabilised by a
resonance system in which there is some charge transfer of the metal tag
electrons into the pn* orbitals of the chelate ring.*®423& Although the
nmetal is formally in a low oxidation state, some of it's electron density

is delocalised over the chelate rings. The strength of this interaction is
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shown by the high ligand field strengths of a-diinines, lying between
ethylenediamine and cyanide in the spectrochemical.series.“.‘

The rélative magnitudes of of tha _ infrared spectral v(C=R) shifts om
coordination, Fe<II) >> Co(II) = Ni(II) has been interpreted as indicating
greater m-cloud delqcaliaation for the irom complex.?2® This is reflected , |
in the relativaly large number of spin-paired iron (ID conplexes of o-

diimine ligands.

GROUP II METAL ION CRYPTATRS
Schiff-base [2+3] condensation of the‘tr.ipod ‘amine tren with glyoxal on
Group II metal ion template produces the metal ion cryptate of the

hexaimino cryptand GT as shown in figure 25.

—NH, | ,—N/ \N——\
2 N 3 OHC—CHO Lt N , N
+ —
B TN
e N~ N
. N\ /2 -
g ‘
Figure 25.
"Metal ions Ba=+, Sr2+, Ca®* and Ng2+ were effective as template species.
Physical data for the complexes is shown in table 20. The infrared
spectra of the cryptates show a medium intensity v(C=N) abgorption at ca.
1610cm~' and frequencies attributable to unrsacted cérbonyl or amine were
absent from the spectra. This indicated that Schiff-base condensation was
compléte and had farmed the cryptate rather than a pendant arm
macrocyclic complex. A medium intensity, sharp absorption is observed at
ca. 1650cm~'. The origin of this band is uncertain, however this may be a

combination tone arising from coupling of the v(C=N) stretching vibration
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with other ring defornations.J The infrared spectra also display strong
absorptions due to the tetraphenylborate counterionm, suggesfing that the
metal complex has formed, as' oppoced to +the metal-free Schiff-base
cryptand. The presence of a quite sharp absorption at ca.SélOcm-‘ in the
v(OH) region of the infrared spectra’suggeete the presence of non hydrogen
Bonded‘water (or alcohol), which may be coordinated to the metal ion. The
infrared spectrum of SrGT(BPhu)z2:2H20 is shown in.figure 26.

PHYSICAL DATA FOR TEMPLATED GT COXPLEXES

TABLE 20 Infrared spectral data / ca™'

COMPLEX COLOUR vC=K vBPh« vC1l0a vOH

25 BaGT(BPhs) (Cl04):2H20 cream 1609 (m) 1877(m> 1120¢(s) 3517(sh)
‘ : ' 1476(m> 1072(s)
1425(m 1032(s)
734 (s) 623 (s)
706¢s) 611(s)

26 SrGT(BPha)2:2H20 cream 1610(s) 1575 (m) - 35083 (sh)
' 1476 (m)
1425 ()
734¢(s)
707 (8)

27 CaGT(BPha)=2:2H20 crean 1610(s) 1575 (m - 3513(sh)
1476 (m)
1424 (m)
734 (8)
704 <s)

28 MgGT (BPha)=2:2H20 yellow 1634 (m) 1577 (m - 3327 (br)
: 1477 (w
1425(m)
734 (s)
705(s)

20 LaGT (BPha) (FOa)2:2E20 yellow 1608(s) 1576(a) - .3430(br)
: ) 1478 (m) '

1425

734 (8)

705(s)
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The infrared spectra of the metal ion GT cryptates show an unexplained
absorption at ca. 1650cm~' which is possibly a conbination tone.

Skeletal abcorptions of tha 6T cryptate occur at ca. 1450,1385 and 740cm™'
in the infrared spectra of all of the cryptates. A C-H stretch of GT
occurs at ca. 2848cm-1 in the spectra.

it provedh necessary to use tetraphenylborate as the counterion in'.
order to isolate the cryptate from the reaction mixture. In addition, the
insolubility of the cryptate as a tetraphenylborate may cause a shift in
the équilibrium towards the cryptate product. However the use of BPha— as
counterion has 1led to problems in obt_a:lning satisfactory CHN analysis.
Presumably, as a result of the high molecular weight of the counterion.
~and the large numbers of C and H present, presence of even small amounts
of perchlorate counterion ﬁpurity, or a small amount of maetal ion
tetraphenylborate mnixed with the cryptate make large differences to the
‘analysis figufes. Nevertheless, reasocnable CHN analysis has been obtained
for thg calcium and strontium cryptates.

The barium cryptate Aretaina perchlorate anion, even after
recrystallisation in the presence of excess tetraphenylbcirate. This may
be a result of the preference of the barium ion for a high coordination
number due .to it's large_ ionic radius combined with the ionic nature of
the bonding in the group 2 metal ion cryptates. Trends in the coordination
number of group 2 metal iocne have been reporied and tend to increase in
coordination number down the group.®@? The perchl‘orate anion appears to
supplement the domors provided to barjum by the cage ligand. The {nfrared
gpectrum of tbhe barium conpiex (25) shows splitting of tbe ws absorption
of perchlorate into four bands, 1135, 1120, 1072 and 1032cm—' the va

. absorption is split into two bands at 611 and 623cm—'. The presence of
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four ws absorptions nmay indicate that both BaGT(BPha)(CI0.) and
BaGT(Cl0.)= are present. If the anions present in alkaline earth metal
complexes are diaposdd in ‘dif.ferent environments or display different
bonding modes complex infrared spect;;'a can result.>” In the absence of x-
ray cryetallographic evidence, assignment of anion disposition ﬁust remain
tentative. Acceptable CHN analysis was not obtained for ﬁhe barium
complex. Although the precise formula of the BaGT complex is uncertain,
the complex has prqud a useful starting material for further reactions.

The GT cryptand appears to show some selectivity for Group II metal
ions. Strontiun and calcium cryptates appear to be relatively stable, these
are easily recrystallised fr&n acetonitrile and the solutions can be heated
at gentle reflux without danage to the complex. The 'bariun cryptate can be
recrystallised, though the complex 1; not stablé on strong heating. The
magnesium complex 1is thé least stable and does not recrystallise
successfully even at roomAtemperature, attempted reqryetgllisation attempti.s
gave oils. Fast atom bombardment mass spectroscopy of the magnesium
tenmplated product showed the protonated GT ligand at m/e 359 as the base
peak. A very weak peak due to [MgGT]* (6%) wae observed. Ae a result of
the uncertainty of the formula of this complex, further physical data was
not collected for the complex. By contrast the . fab spectrum of the SrGT
cryptate showed a strong cluster at m/e 446 (99%) which is attributable to
(SrGTI+ and reflacts the stability of thic ecryptate in the conditions of
the mass spactrometer. The base peak was due to the protc.cnat‘ed GT ligand
at-n/e 359,

Preéumably the stability sequence observed in the series of group(ID
metal ion cryptates is due to size effects. A relationship between the

cetability of alkaline-earth netal macrocyclic complex and the closeness of
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fit between the cation and the macrocyclic cavity has been established.5?
The prefered cation is generally the one that fits the cavity most closely.
The ﬁatch of ionic radius of the metal iom to the cavity size of the GT
cryptand detﬁine the strength of the electrostatic 1ﬁteract16ns between
the metal ion and the cryptand. The barium ion appears to be s.lightly too
large for the cavity of the GT cryptand whereas the magnesium ion seems
to be too small for the cryptand cavity. Both the strontium and the
calcium ion appear to £1t the cdvity relatively well..

The complexes were sufficiently soluble in CDsCN for 'H n.m.r. spectra
to be measured. Spectra of the calcium, strontium and barium cryptates
were similar ax;d the 'H nmr spectrum of CaGT(BPhs):z is shown in figure
27. Tha 'H nmr spectra consisted of three resonances with relative
‘intensitiee 1 : 2 : 2 at approximately 8.0cm> , 3.7¢+> and 2.8¢+> p.p.m.
downfield from SiMe.. These are assigned to the imine H at 8.0 , the CH=
adjac_ant to the imine group at 3.7 and the neighbouring ‘CHa group at 2.8
p.p.». Strong signals due to the | tetraphenylbarate counterion were
observed at (7.3m, 7.0. and 6.80. The protons of the methylene groups were
coupled to each other. Additional slight splitting of the three cryptand
resonances wag observed. The imine resonance was split into three closely
spaced peaks with J = 1.2 Hz (0.004ppm) The methylene triplet around 3.7
wag also spiit further, each peak of the triplet was split into two with J
= 1.2 Hz (0.004ppm.) There appearc to be come coupling between the imine
proton and the protons of fhe nearest methylene group. The resonance
around 2.8 ppm. also showed slight splitting of the peaks, though this was
not so well defined. The appear'ance of Just three sets of resonances 1in
the amr spectra suggest that the cation is bound within the molecular

cavity. In addition the simplicity of the spectra may be taken as evidence
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against aﬁy significant dissociation of the compleies in CD»CHN solution
into the free metal ion and the cryptand.

The electronic spectra of the calcium and ‘strontiun complexes mshowed
little dependence on tbe nature of tbe Gr_-oup (II) cation. The spectra both
showed a s£rong band at ca. 35.500cm~' (e = 1800 ). A shoulder on the low
energy side of thé main band was assigned to a ® — x* traneition of the
complexed cryptand. The insensitivity .of the energy of the tramsition is
in keeping with a predominantly coulombic (iom - dipole ) metal - cryptand
;nteraction. |

Attempted synthesies of the GT cryptand without use of a template
metal ion failled. In the absence of metal ions only viscous oils were
recovered, which from‘ their naturé are p;-nbably polymeric. Various
solvents and reaction conditions were employed ueing relatively dilute
solu;:ions and controlled addition of the reactants, yet only oil resulted.
The effect of the template ion in the cryptate synthesis may arise from an
ability to hold the dicarbonyl glyoxal in a cis bonfomatioﬁ suitable for
reaction to form the cryptate. The free glyoxal 1is ..likely to be
predominantly in ' the trans conformation and reaction of the trans form
with the amine is likely to form polymer.

Several lanthanide ions were tested aé tenplate ions for the GT
synthesis. Of the ions La?* and Pr®* , the lanthanun ion proved the 'betterv
tenplate apecieg. The infrared spectrum of the lanthanum templated preduét
showed the presence of the cha.raétéristic GT peaks and peaks attributable
to amine or carbonyl groups were absent from the spectrum. The fast
atom bombardment mass spectrum contained clusters at m/e 496 (4%) and

558 (2%) due to (LaGTIl* and (LaGT (NOal* respectively.



192

MONONUCLEAR TRANSITIOR )m‘l"AL ION GT CONPLEXES. .
A series of mononuclear transition metal cryptatea was obtained by
transmetallation of the barium ‘or etrontium GT temp}.a;te complexec as
-described in the experimental secfion. Product fr;om the texiplate reaétion
was used v;vithoﬁt further purification for the synthesis of transition
metal GT tetraphenylborates. |
The perchlorate salts of the crypates were prepared for two reasons.
Firstl&. the Erystals of the cobalt cryptate as a tetraphenylbbratev showed
extensive disorder aﬁd the X-ray structure was impossible to solve,
Se_cpndly the tetraphenylborate counterion is electrochemically active in a
region that .could possibly overlap with the 2+/3+ redox couple of the'
cryptate, thus an 'alternativa counterion was required for electrochemical
.studies. The transition metal GT perchlorates were accessible by two
routes. In one route the SrGT tetraphénylbm‘ate was isolated and treated
with AgClOs to remove the tetraphenylborate counterion prior to reaction
of SrGT<ClU«)2 with transition metal perchlorate. Alﬁex;natively an In situ
nethod was used which involved template synthesis of Sr or Ba GT
" perchlorate winich was not isolated followed by addition 'of the tramsition
metal perchlorate to the template solution. This reaction wasi carried out
in nie;thanol. Transition metal cryptate obtained by the latter method
required recrystallisation from acetonitrile/ethanol solvent mixture and
thé overall yields were generally lcm.ar. |
Infrared spectral data for the mononuclear transition metal cryptates

is listed in tables 21 and 22.
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. PEYSICAL DATA FOR NONONUCLEAR TRANSITION NETAL GT COMPLEXES

TABLE 21 Infrared spectral data /em!

COXPLEX | COLOUR  vC=K vBPh4 vOH

s

30 MnGT(BPha)z:2H=20 yellow 1605(nm) 1577 (m) 3439 (br)
’ : 1476 (m) :
1423 (m)
733(8)
706¢8)

31 CoGT(BPha)=: 3H20 rust 1591 (m) 1576 (m) 3434 (br) -
1476 (m) -
1421 m)
734 (8)
706¢8)

32 NiGT (BPha)=: #H20 orange 1594 (n) 1575(m) 3434 (w, br)
: 1476 (m)
1421 (m)
733 (s)
706(¢s)

33 FeGT(BPha)2:2H20 deep-purple absent 1575(m) 3465 (br>
‘ 1 1476<(m)
1421 (m)
734(8)
707 (8)

Vith the exception of the Fe(II) GT cryptates, the infrared spectra of
‘the mnetal ion GT cryptates show an unexplained absorption at ca.
1650cm~'. The absorption is not sensitive in position and is believed
to be a combination tone. Skeletal absorptions of the GT cryptate occur
at ca. 1450,1385 and 740cn~' in the infrared spectra of all of the
cryptates. A C-H stretch of GT occurs at ca. 2848cm-1 in the epectra.
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TABLE 22 Infrared spectral data /cm '

CONPLEX COLOUR vC=F§ w104 vECS vOH
34 ZnGT(Cl04)=2:2H20 crange 1620(m) 1171<a) - 3509 (br)
. L 1100 (m '
999 (m)
622 (8)
35 CoGT(Cl0a)a:2H20 rust 1609(m 1090(s) - 3436 (br>
» 622 (m) '
36 NiGT(ClQs)2:EtOH H20 orange 1608 (m) 1086 (s) - 3434 (w, br)
622 (m)
37 FiGT(HCS)=z:2H20 orange 1801 (m) - 2091  3455(w, br)
: ‘ 2075
38 FeGT(ClOa)2:2H20 deep-purple absent 1100 (s) - 3465 (br)
- 622 ()

In the infrared spectra of the complexes skeletal GT absorptions occur
at ca. 1450,1388 and 740cm~'. The Fe(II) cryptate does not show the
combination tone absorption at ca. 1650cm~' which is present in the
6pectra of the other metal ion cryptates.

The infrared spectra of the cﬁmplexes. show a sharp v(C=N) absorption at
ca. 1595cm—'. Thé absence of amine or carbonyl frequencies indicates that
the cryptand remains intact throughout the series of cryptates. The slight
shift of the v(C=K) from ca. 1610cm-' in the group (II) metal ion cryptate
to ca. 1600cm~' reflects the change in the nature of the metal ion-ligand
bonding in the transition metal cryptates.

The exceptions are the Fe(II)GT cryptates (33) and <38), the infrared
spectra of the iron complexes do‘not exhibit a v<C=H) absorption in the
region 1590 - 1660cm~', although the other characteristic peaks of the GT
complex such as v(C-H) of GT at 2846ca~' and skeletal vibrations of the

cryptand at 1443, 1387 and 740cm-' are present. The absence of the wC=N
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absorption in the expected region of the FeGT infrared spectrum may be due
to a reduction in intensity or a coordination shift of the abearption. Such
changes are indicative of strong coupling of the Fe(N=C~C=N) chelate ring.
vibrations or metal dn to ligand prn* back coordination.?22.23®  Related
studies have - noted that the v(Cél) stretch in the tris(a-diimine)
complexes 1ig absent or very weak for ‘low—epin Fe(IID but relativ;e,ly
intense for Co<II), Ni(II) and Cu(II) 223.33® The medium intensity peak at
ca. 1656cm"‘. which is present in the infrared ‘spectruz'n of. the other
cryptates, is absent in the spectra of the iron ci-yptates. '

The’ absence of the v(C=N) absorption in the spectra of the iron
cryptates suggested that‘the iron(II) ion is low spin. The low spin nature
of the irom ion was confirmed by magnetic susceptibility measurements
(table 23). The magnetic noment obtained for FeGT tetraphenylborate (33)
clearly rules out a high-spin ground state; the small paramagnetism
observed af 203K could be attributed either to the presence of
paramagnetic impurity or to the presence of a small quantity of the high-
spin form at this temperature. Recrystallisation of the irom cryptate g;ve
lower magnetic moments as purer sanples v.vere obtained, suggesting that at
least some of the observed paramagnetisq was due to paramagnetic
inpurity. Spin-pairing in the ig'on GT cryptates may arise from a
combination of the strong ligand-field of the GT dryptand. a particularly 7
gdod fit of the Fe(II) ion for the GT cavily and a coordination geometry

around the Fe(IlI) ion which is not far from octahedral.
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Table 23 Magnetic, electronic spectral and conductivity data

COMPLEX ' peff - o ELECTRONIC SPECTRA
293K 93K vV max €
' 30 MnGT(BPha)z:2H20 5.99 5.98 223 29400 930
'31 CoGT (BPha)a:3H20 . 4.30 '4.20 236 - 26200 . 1900
11430 19
32 NiGT(BPha)2: ¥H20 3.04 3.01 - 219 33200 1600
: ’ 12500 18
33 FeGT (BPha)z:2H20 0.65 0.40 - 23100 2300
17400 5600
35 CoGT(ClOu)=2 4.43 3.95 254 26430 1600
11100 5
38 FeGT(ClOu)2 dia dia - 23100 1500
17460 3800
39 CuGT(Cl04)=:4Ha0 1.86 1..61 - 35600 2700
) . . 24300 2150
15500 120

p in BN, .\ in S cn® mol-?
v max in cm’
€ in 1 mol™' ca™!

The electronic spectra - of the FeGT complexes (33) and (38) show a
pair of intense absorptions close to 20,000 and 17,000cm~'. Since a pair
of intense bands found in the electronic spectrum of [Fe(bipy)al** were
assigned to X -+ =n* +transitions,@'? 11; is assumed that the pair of
absdrptions observed in the éeGT spectra areA due to X ; n* charge
transfer transitions. The presence of one or more intense bands in the
visible region of the spectrum is characteristic of iron(ID-tris (a-
diim_ine)' conplexes.?'7.3a1.232 The gplitting into two charge transfer

absorptions has been attributed to separation of the T2g level into e and.
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bz levels as the symmetry diminishee from octahedral.®®® The spectrum did
not show any evidence of d-d transitions. In comparison with the o~
diimine complexes ([Fe(bipy)s)3+ and (Fe(phen)3]2+,32' vmax for the FeGT
complexes occure at lower energy. For example for [Fe(bip&)alz* vmax =
19,100cm=', [Fe(phen)s)2* vmax = 19,600cm~'. The extin¢tion coefficients
of v max for FeGT are sbmewhat greater than those faor the bipy and phen .
complexes of Fe(II). .

The CoGT perchlorate (35) shows remarkable stability in water.
Complexes of Schiff-base macrocycles and cryptands are often susceptible
to hydrolysis, yet water proved to be one of the best solvents for
recrystallisatioﬁ of CoGT perchlorate. The CoGT cryptate appears to be
kinetically inmert with respect to removal of the Co(II) ion. Treatment of
an aqueous solutiorn of the cobalt (II). cryptate (35) with an excess of
FaCKN in Aqueous solution failed to generate a Co(CN)z precipitate aover a
period of several weeks. During this time there was no reduction in the
orange/rust (CoGT) colour of the solutionm.

The Co, Fe and Ni GT perchlorates ¢(35),(38), and (32) show the strong
va and v4 abseorptions typical of uncoordinated perchlorate at ca. 1100cm™’
and 620cm~’ respectively. The infrared spectrum of COGT(C10;>2 ie shown
in figure 28. The electronic spectrum of both the tetraphenylborate and
the perchlorate salt of CoGT is dominated by the broad and intense cfmrge
transfer absorption which extends into t_'he vieible regien of the spectrum.
Nevertheless a low intensity band around 11,000cm~' is observed and is
attributéd to the lowest energy transition “Tig(F) <+ 4Tz2g allowed in
approximate octahedral symmetry for cobalt(II). Similarly the electronic
spectrum of the NiGT complex (32) shows a broad and intense charge

transfer absorption and only the lowest energy band expected for Ni(ID) in
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Figure 28 The infrared spectrum of CoGT(Cl0a)
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approximate octahedral symmetry (GPAzq -+ °T;g(-l=‘)) is observed. Presumably
the higher enu@ transitions expected are masked by the much stronger
charge transfer absorption, which accounts for the intanse orange colour
of the complex. | | |

The nﬁnganese GT cryptate (30) showed [(MnGTIl™ at m/e 413 .aé the base
peak in the fab mases spectrum. Peaks attributable to SrGT starting material
were not present. The electronic spectrum of the MnGT complex showed a
sti‘ong charge transfer absorption at 29,400cm~' (¢ = 930 dm®mol-'), as
expected d-d bands were not observed. The forination of the HA(II)GT
_cryptate on use of a Mn(II) salt as the source of .pangane-se ion
demonstrates the ability of thé GT cryptand to stabilise the lower
oxidation Astate. The tefraphenylborate counterion thch was present during
the reaction is 1likely to act as a mild reducing agent in the
~ Mn(IID/Nn(ID reduction. |

Despite the low ionic mobility of the tetraphenylborate counterion, the
Aconductivity neasurements for the Nn(II), Co(II) and Ni<dID éryptate
tetraphenylborates fall in the range expected for 2 : 1 electrolyteé. The
perchlorate derivatives were also 2 : 1 electroiytes which is consistent
with lonic ClO.— in solutionm.

The mononuclear cryptates show 1little dependencé of magnetic moment
on temperature, as expected. The manganese cryptate has a magnetic mﬁent
in the range expected for a high spin. d® ion. Both the NidII) amd Co(ID>
cryptates are high-spin. The relatively low magnetic moment measured fozf
high-spin six co-ordinate cobalt(II) in the GT cryptate presumably results
from the reduction in orbital contribution on deviation from regular
octahedral geometry. Subsgquent X-ray crystallographic confimatiop was

supplied by Dr. Vickie Mc Kee of the University of Canterbury, New Zealand.
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THE CRYSTAL STRUCTURE OF CoGT(ClOa)y
The structure of the cation is shown in -ﬁgure 29. The intimate twinning
_of the crystals prevented accurate determinations of bond lengtﬁa and
anglés, however the main feat'urean:t‘ the stru_cturé are clear. The cobalt
ion is coordinated to the six imino donors of the cryptand and has Da
symmetry. IOnly two of the six imino donors are crystallographically
independent. The cobalt ion and the two bridgehead N atoms, which‘are not
coordinated, lie on a crystallographic 3-fold axis. The Co-N (imine)
distances of ca. ,2.16k are very similar to those in the analogous
(Co(sep) )=~ Acryptate.:" Thé X-ray structures of (Co¢sep)]=* and [Co(sep)]™™

are shown in figure 30.

N4} N8}
ERETE]
(43P

c",,\,—/“cum

~
N(ll NiB)

-Figure 30 The X-ray structuree of [C:a(sep.)]-"+ and [Co(sep)J=*

In fhe I-ray stzjucﬁure of (CoGTl=+, the amino N bridgehead atoms lie = 3 A
from the metal ion within near-planar arrangement of \adjacent methylene
'carbons; suggesfing near sp= .hybridization of tert_iary amine nitrogens, as
observad in [Ni(sep)}*+.2°4 The methylena caps of tCoGT]z* are staggered
.with a twist angle (@) of 55°. The disorder obsarved mainly affects the
diimino links and therefore only tentafive conclusions are pessible. The a-
diimine lzl;x;ks appear to be ’oblique rather than parallel. The perchlorate
anions lie with one C1-O bond along a threefold—niis_ A;ad do not coordinate

to the metal ionm.



Figure 29 The X-ray crystal structure of CoGT(Cl0*)*
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Isomorphous powder patterns for R1GT(BPh*)2 (32) and CoGT(BPha)2 (31)
were obtained, however FeGT (33) and KnGT (30) are not isostructural with
the nickel or cobalt cryptédtes or with each other. The degree of distortion
from octahedral geometry may reflect the varying influence of LFSE
effects in favouring trigonal anti-prismatic over the less strained
trigonal prismatic geometry in the order Fe(II) low spin > Co(II) > Mn(II)
high spin. Wentworth et suggested that the tendency towaird an
octahedral rather than a trigonal prismatic geometry should decrease in
the order d”*low-spin > d* > d7 > d* high-spin. However, the ionic radii of
the metal ions also vary in the same order for Fe, Co and Ni (Fe(II)
0.83, Co(II) 0.82, Ni(IT) 0.68, Mn(II) 0.917A). It is therefore difficult to
separate LFSE effects from size effects. Since the Fe(II) cryptates are in
the ’'Ag 1low spin state at ambient temperature, it is probable that

distortion from octahedral geometry is not large for the Fe(II) cryptates.

COPPER GT CRYPTATES.

The CHN analysis figures for the monocopper GT cryptate suggest the
presence of four waters of crystallisation. The mull infrared spectrum
shows a broad and strong OH absorption. The (S'((H) bending vibration
occurs at similar frequency to the v(C=N) absorption and has the effect of
broadening and intensifying the absorption in this region of the infrared
spectrum. Fast atom bombardment mass spectroscopy showed a cluster at
m/e 421 as the base peak. Presumably this is attributable to the OCuGI]"*
ion. A cluster around m/e 520 corresponds to tCuGT(CIOa]" (40% of base
peak), however a weak cluster at m/e 585 (10% of base peak) is probably
due to the dicopper GT ion [Cu2GT(ClOa]*. It is probable that there is

some contamination of the monocopper GT cryptate with dicopper GT
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cryptate. ‘I.‘he' presence of a small amount of the dicopper cryptate was
confirmed be electronic spectroscopy. In addition to the CuGT absorption,
a weak absorption which has been' aeaigned_, to intervalancs ‘transfer in
dicopper GT was observed. An intense band at this pos.i't:lgon is observed in

the electronic spectrum of the dicopper cryptate.

TABLE 24 Infrared spectral data for copper GT cryptates /cm~'

COMPLEX ’ COLOUR vC=N vBPha vCl0a vOH
39 CuGT(Cl0.)=2:4H20 green 1595 (m) - 1093(g) 3439 (br>
: 622 (m)
40 CuzGT(Cl0s)4:2H20 green 1598 (m) - 1090(s) 3427 (br)
623 (m)
41 CuzGT(BPh4)2 bronze - 1597C¢w) 1575 (m) - 3418 (br>
1474 (m)
1422 (m)
734 (8)
705(s)

The electronic spectrun of the monocopper GT cryptate (39) shows a single

~ d-d band at 15,500cm~' (¢ = 120 1 mol-' cm~') and stronger charge

transfer transitions at 24,300 ¢ = 2150 1 mol~' cm~' and 35,600 (¢ =
2700 1 mal;‘ cm~'). After approximately % hour in solution in acetonitrile,
the colour af the copper GT solutiocn had changed fz;on green to yellow. The
electronic épectrun of the yellow solution showed a reduction in intensity
of the d-d band and a shift in position of the vmax for this absorption
to ca. 15,400cm~'. The reduction in intensity of the d-d band may indicate
‘reduction of Cu¢II) to Cu(I). The mononuclear coppér(II) cryptate exhibits

a four line esr spectrun which is consistent with interaction of the odd
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electrbn with just one copper centre (I = 3/2). The spectrun- is shown in
figure 31 and is the normal axial-type four line spectrum. The spectrum
shows g1 ( ~ 228 ) > gL ( « 2,07 ) and A:: 143 G, which indicates an

extended tetragonal geometry for the Cu¢Il) coordination site.

DINUCLEAR COPPER GT CRYPTATES.

Initial attempts to obtain a copper(l) cryptate by transmetallation of
SreT (BPha)2 using a copper(l) salt did not produce pure products. As a
reéult of the low solubility of the copper(l) cryptate tatraphenylborate
products ‘précipitated too qhickly and were  too inscluble  for
recrystallisation. Thé products from these attempts did not give a fab
maes spectrum, presumably as a result of the insolubility of the complex.
Although acceptable CHE analysis was not obtained for the _produi:t. the
elemental analysis (CHN) suggegwd that the product was a dicopper GT
tetra_p'henylborate rather than a mbnocopper GT ta‘t;raphqnylborate;

However, the formation of the dicopper(l)> cryptate by
tranenetallation of SrGT(BPha)z using a copper (II) salt, as described in .
the experimental chapter, gave crystalline product which Analysed as ti:e
dicopper(l) complex Cu'aGT(BPlu)z. (41). The tétrnphenylborate counterion
which was present during t.he reaction is known to be a ‘mild reducing
agent. The reduction of' a copper (II) complex of a NaSz Schiff-base iigand
to the corresponding copper(l) ceomplex by one equivalent of 3aBPh4 has
been reported.®4' In addition a dicopper<D compl@ of an FeO« Schiff-base
macrocycle has been prepared by BPh.~ reduction.’'®=

The formation of a dicopper(l) cryptate fronm Cp (II) starting material
reflects the ease of reduction of copper (II)> to copper (I) witkin the GT

cryptand. The reaction mixture initially has the deep green colour
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associated with the copper(I) cryptate, and only gradually becomes
yeliow—brown . on slow formation of - the copper (DD cryptate
tetraphenylburaf.e. Atteﬁpted' preparation of Cu=GT(C10.) via
transmetallation of SrGT(ClOs4)= with the copper(I) complex Cu(MeCHN)s(ClOa)
was not succeseful. The liiting of Cu(l) for a tetrahedral b'il;ding site
which can be found in each tren based subunit of the GT cryptand nmay
favour access to the Cu(l) state. It is kmown that distortion of a Cu(ID
binding eite from tetragonalx to pseudo-tetrahedral thermodynamically
favours access to the copper(l) oxidation state. - The sc;lid state
electronic spectrun of the dico‘pp‘er o8 GT cryptate showe an intense bzfoad
absorption in the region 25,000 - 19,000cm? which is proi:ably .
attributable to CQ(I) + imine charge transfer traneitions.

The dinuclear copper cryptate CuzxGT(ClOs«)«:2Ez0 (40) was produced by
reflux of SrGT(ClO.)2 with an excess of Cu(Il) salt in acetonitrile as
described in the experimental section. Blemental analysis (CHN) suggests
the formiulation CuzGT(Cl04)4:2H20 and the gull infrared spectrum
indicates the presence of hydx"ogen bonded OH. The fab mass épectrum shows
a sﬁong cluster around m/e 585 which is attributable to [CuzGT(C104)I1*
(95% height of the base peak). A 'cluster at m/e 484 (40% height of base .
peak) correeponds to {Cuz=GTl*, The presence of a cluster at m/e 421 (40%
height of base peak) is presumably due to [CuGTI}*, the monocopper fragment
"iom probably forme from the dicopper GT parent species and does not
necessarily imply contamination of the d;copper cryptate with the
monocopper cryptate.

The dmf élass es.r. specfrum ‘of the complex is éﬁown in figure 32
and displays a seven line pattern which is characteristic of a mixed

valence Cu(II)/Cu(l) complex. The seven line epectrhm is indicative of
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iﬁteraction .of the odd electron with both copper centres (I = S/é). The
mixed valence species 18_ valence detrapped ‘down to 4K. The pefsistenoe of
the seven line spectrum to such low témperaturm indicates an unusual
degree of valence delocalisation. ‘The occurrence of séven-line esr spectra
has been reported for mixed valence Cu(Il)/Cu(I> complexes of‘ phenoxo
containing macrocycles shown in figure 33.7°2 At reduced temperature the

odd electron became localised and four line esr spectra resulted.

CHy

Figure 33 Formation of a mixed valent Cu(II)/Cu(l) macrocyclic complex

In the mixed valent complex shown abové. fhe phenoxo bridges between the
copper centres provide the pathway for delocalisation of the odd electron
over the metal ocentres.'©®.10% It 1s significant that seven-line esr
spectra have only been obtained for the macrocyclic complexeq that
Encorporate upsaturated- nitrogen ddnors. saturation of the azomethine
groups leads to four-lin;a Aspectra.w.‘

The seven-iiné spectrum obaervea for the dicopper GT cor'npﬂlex- may be
due to direct metal-metal 1nter€ction between Cu(ID) and Cu(I) if the metal
ions are held within bonding distance within the cryptand. An 1ntex;§e near
1nﬁared band is observed in the electronic spectrum of the dicopper G‘I"
complex which we attribute to interv:llence transfer (750nm € = 5000 1
mol-'cm—'). This decays rapidly in solution yith a half-life of minut'esl in

ergasic solvents and hours in water.
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The aolid state ear spectrum of the dicopper GT complex showed a seven

line signal indicating that the complex i1is mixed-valence in the solid

state. The CHN analysis figures however demonstrate the presence of four

perchlorate counterions, therefore the Cu(II)/Cu(D GT complex has to be

protonated.

Copper was the only metal ion that was capable of forming dinuclear

cryptates with the GT cryptand. The formation of a dinuclear cryptate of

Cu(ID within'GT may be a size effect. However crystal field stabilisation

effects may also be invol?ed. The Fe(II), NidID) and Co(ID ioﬁs may may

strongly prefer the six-donor o-diimine binding site whereas the d%Cu(ID)
ion may be less destabilised by birnding towards one end of the cryptand.

The Cu(l) ion will likg the tetrahedral site. The Mn(II) ion may be too

large to form dinuclear cryptates with the GT cryptand.

The relatively facile unwrapping of the cryptand from Cu(II) to accommodate
a second copper(II> ion suggested experiment; in which [CuGTIa+ is
treated wiﬁh a different transition metal ion with the aim of preparing

hetrobinuclear complexes. The monocopper GT complex was refluxed with

Ali(IIx Zn(II) however only copper GT was obtained. Fab nass speétroscopy

showed only clusters due to copper GT, there was nb evidence of the

presence of nickel or zinc. |

ELECTROCHEMICAL STUDIES.

Appendix 1 outlines the electrochemical parameters which are used to

interpret the results. Table 25 lists the results of cyclic voltammetry

studies on the mononuclear transition metal complexes of bT. The cyclic

voltanmetry was performed by M. NcCann of St. Patricks College; Maynooth.

Figure 34 displays the cyclic voltammogram of CoGT (BFha)z
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Table 25 Electrochemical data for the GT cryptates

COMPLEX E/ v _ .

: Bk aE Bk 4E Bk aR
27 CaG‘I‘(BPh‘)z:2Hz'O no electrochemical activity in this range
30 MnGT(BPha)a:2Ha0 +1350 irr -987 176 -1276 76
31 CoGT(BPha)2:3H20 4227 207 = . -847 87 -1402 87
32 NiGT(BPba)a: ¥H20 +1166 irr -1105 61 -1838 o1
33 FeGT (BPha)a: 2HzO0 | +714 drr —g62 61 1332 77
35 CaGT(C104)2: HaO | +740 1rr 815 61 -1371 77
38 FeGT(Cl104)z:2H20 4810 127 -983 61 ~1349 61
39 CuzGT(Cl0.)a:2Ha0  +1216 trr +282 77 -1197

10-K in dmf, 0.1N Et.NClOa

96

-1600 -1200 —800 —400 0 400 800
) E/mvV

Figure 34 The cycl.;lc voltanmogran of CoGT (BPha)z 1n dmf;

scan rate 50ml’s s Ag/AgCl
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The ferrocene ferroceninm couple was used as a redox standard, This couple
" was observed at 10.362 vs Ag/AgCl and the peak to peak separation was
92mV. The difference in the anodic and cathodic peak potentials of the GT
complex voltanmograms exceéds the Nernstian requirement of 59mV for a
reversible process, however by comparision with ferrocene which had a peak
separation of 92mV the ;edox processes can be considered to be reversible
or nearly so. An M(II) reversible reduction wave appears around -1.0V in
the iron(II), nickel(II), cobalt(ID and mnanganese(Ill) cryptate cyclic
voltammograms. The second reversible reduction process observed for the
manganeee, iron , cobalt and nickel cryptates may originate ‘eithar. in NC(D
+ M(0) reduction or a metal ion praomoted M(DDL + M(IDL- ligand reduction.
Esr experimente are required to distinguish between these alternatives.

The calcium GT cryptate was found to be electroinactive, which suggests
that the transition metal ion is involved to some extent in the redox
processes observed for the transition metal cryétatas.

Complexes of Co(III) with macrocyclic Schiff—baeé,‘dimethylglyoxinato
or vitamin B.:2 ligands exhibit two ome-electron steps to produée'Cc;(I)
=, séuare planar) complexes. Often no further reduction to cobalt metal
is observed 'at accessible potentials. Limited electrochemical studies of
the Co(II) o~diimine cryptate (structure 5, Chapter 1) were reported and
electrochemistry comparable to that of Co(bpy)a (bpy = 2,2'-bipyridy1),
whicﬁ shows eeveral reversible reductions, was observed. Unlike the
electrochemistry found for complexes containing unsaturated ligands, thé
Co(Il) sar and sep cryptates underwent a two-eiectron Irreversib.is
reductionAat very nagative potenttaia ¢ ¢ -2V ), puseibly involving éage
rupture on generation of ‘Co<I>) and rapid reduction of the Co(I) transient

to Co(0). The 3+/2+ couple for cobalt complexes of sar and sep is observed
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at ~200mV and -220mV respectivély (ve SCE); which is approxinatelj 470mV
less pbsitive than the analogous quasireversible couple in CoGT (BPh.)2
(adjuste;l‘to vs SCE far cmpuiéon) .

In contrast to Sargeson's hexamino cryptands, the hexaimino donor set
of the GT cfyptand stabilises low oxidation states.of the metal ion. The
enhanced .stability of the Ca(l) state in the GT cryptaﬂd is presumably a
result of n back-donation of electron,&ensity from filled d-orbitals of
Co(I) to empty n*. orbitals of the ligand. |

The FeGT cryptate shows marked stabilisation of the Fe(l) state.
Comparison of E% of Fé bip& and Fe terpy ;:onplexes with the E# of FeGT
complexes demonstrates that the Fe(I) state is coneiderably stabilised -
within the GT cryptand. For bipy and 2,2': 6'2"-terpyridine (terpy>
complexes of iron, the redox couples are as follows: :

.Fe(bpy)az" + e- Fe(bpy)>* BE% = -1.34V vs SCE in CHaCN

Fe(bpy)a* + e~ Fe(bpy)»° Ek = -1.63V

Fe(terpy)z=* + e~ Fe(terpy’=+ E# = ~1.25V
Fe(terpy)>" + e~ Fe(terpy)a® Ek = -1.42V

E% FeGT=+/* — E4% Fe(bpy)a=*/* = + 0,38V

More marked stabilisation of the Fe(I) state is found ig the Fe catenate
wbich was reported by Sauvage.'c®-}S2 |
E¥% Fe(cat)**“+ - El Fe(bpy)a®*/* = + 0.6V

For the iron Abpy and terpy complexes the redox cn‘bitalé -involved are
ligand localised, wi;th the Fe' catenate and the FeGT cryptate the redox
process 1is likely to 1nvo;ve the metal centre as previdusly reported for

other Fe(II)/Fe(l) couples. The metal-localised redox process Fe(bpy)3+/=+
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cccurs at E¥ = + 1,012V whereas thé redox process at + 0.810mV for FeGT
may' be due to FeGT=<+-**, The Fe complex of the catenate c‘ouldvnot be
oxidised to the 3+ state at accessible potential.

The copper GT electrochemistry is difficult to interpret as a result

of the reactivity of the complex. However, it seems that the .product of
decomposition whick  is probably dicopper (IDGT has reversible
electrochemistry as discussed below.
The average of the potentials of’ the cathodic and the anadic peaks can be
assumed as a good estimate of the formal electrode potential for the
Cu(ID/Cu(I) couple and leads to a value of +282 mV vs. Ag/AgCl. The peak
separation is 96mV -which exceeds the Hernstian requirement of S9mV by 37
mV. and exceeds the peak separation found for ferrocene in the same
experinental conditions by 4mV. I1'; is likely that the quasireversibility
of the prm is largely due t‘o the stereochemical changes accompanying
the Cu(ID)/Cu(l) redox process.®42.243 [y a&dit:lon. the anodic to cathodic
peak currents are nIot equal and disproportionate less of anodic current
is observed. The reason for this is uncertain but may be due to a élow
chemical reaction or rearrangement subsequent to electron transfer.

The second redox process observed may be due to a Cu(l)/Cul(d rédox
change. If this is so the copper metal complex does not appear to undergo
demetallafiqn as there was no sign of a copper stripping reoxidation peak -
in the reverse scan of the cyclic voltammogram. The coppsr metal
reoiidat;lon usually occurs as a relatively sharp peak at ca. ~0.3V vs.
saturated calomel electrodeA. The Cu(I)/Cu(Q) reduction has been observed in
a series of ¥2S2 open chain ligands. The ligands stabilise the Cu(D
state and rédox potentials ranging from +0.23 to +0.35 were observed. The

Cu(l)/Cu<0) reduction occurred between -0.70 and =-1.40 and rapid
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demetallation resulted in an irreversible process, the characteristic
stripping peak was observed in the reverse scan. The positive potential
racorded for the 2+/1+ reduction 1s of interest ae the potential lies in
the range epanned by the type 1 sites of blue copper proteins (from +0.18‘
to +0.78V vs standard hydrogen electx-t:vde.)“‘5 '

By contrast, the Cu(II) cryptate éf Sargeson's amino substituted sar cage
is irreversibly reduced to Cu(0) with full recovery of f.he cryptand.

The ease of reduction of the Cu (II) GT complex to Cu(I) suggests that
the GT cryptand offers a coordination environment that favours tetrahedral
geometry. The o—diimine groups of the GT cryptand are likely to contribute
to the elevation of the Cu(lI)/Cu(I) redox potential since they can exert
effective withdrawal of'- electron demnsity from the metal through the =
- system. Often positive redox potentials for the 2+/1+ Cu redox change are
observed in systens incérporating. 'soft' sulphur dcmor groups. Sulphur
donor ligands are oftén oxidisable at the sulphur site and the redox
instability of Cﬁ(II)-thiolate bonding with respect to Cu(I) and disﬁlphide.
is evident in a number of recent studies on copper(II) aliphatic thiolate

complexes.?4%

LAETHANIDE ION GT COMPLEXES.

A series of lanthanide ion GT cryptates have been obtained by
transnetallation of template GT tetraphenylborates. The barium GT crypﬂ_ate
was found to exchange the barium ‘ion for the lanthanide ion on atirring in
acetonitrile at temperature less than 50°C and crystalline product resulted
'on concentration of the filtrate to low volume. On stronger heating, only
oils ._ were obtained fron the reaction mixture on reduction in volume. The

strontium  GT  cryptate affarde lanthanide ion  cryptates  on
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tranemetallation wiﬁh lanthanide ion, however higher réact:lon temperatures
are réquired to bring about the metal ion exchange. Productq obtained from
the SrGT tranemetallation wasA less crystalline and did not analyse &0 well
as that obtained from the barium CT stﬁrting matérial. Fab mass
spectroscopy was required to verify that the metal exdhénge bad occurred.

The difi_‘erenoes observgd on use of thé different starting materials,
BaGT and SrGT, may reflect their different stabi'lities. Strontium ion forms
a more stable cryptate with GT than does the barium (II) ion. The barium
uch@ge is also helped to proceed by the increased insolubility of ih.e
Ba(NQa)2 relative to Sr(N¥Ox)2 in acetonitrile. It is possible that the
differences may be due to differences in 1lability of the Ba and Sr.
cryptates, since increased temperature does cause excbange of strontium
ion whereas unreacted SrGT is obtained at lower temperature.

Acetonitr:lle was the solvent of choice for the transmetallation
reactions. Rare earth ions form quite stable solvates wi'!;h polar solvents
so that their complexes with neutral ligands are more réadily isolated
from from solvents with low to moderaté‘ donor strength; for example
acetone or acetonitrile.22® The 'fairly high solubility of the group 2
cryptate and the- l;nthanide nitrate in acetonitrile combined witk the
insolubility of the barium nitrate product of the exchange improves the
likelihood of metal exchange.

The lanthanide ion cryptate is more soluble in acetonitrile than the -
group 2 metal cryptate and addition of ethanol and cooling was required 1-:0
encourage crystallisation. of the lanthanide cryptate at low volume.
Cryctale of Iant.h'anida cryptate weare uniy cbtained at low volume b};
cooling on ice. Slow evaporaticm‘ at roon temperature did not give

orystalline product, often oily material resulted.
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The infrared spectra of the complexes show a medium intenai;ty .vC=ﬁ
. absorption at ca. 1610cm~' and the absence of am'ine or carbonyl
frequencies 1indicate +that the cage 'lig;nd hac remained intact on
tranemetallation. The imine absorption does not show the shift in position
of ca. l0cm=' that is observed on transmetallation witi: the ‘transition
metal ions. This suggests that the nature of the bonding of the imine to
the lanthanide ion 1s similar to that found in the group <(II) metal
cryptates and relatively unlike the stronger coardinate typev bond found in
the transition metal a‘ypt&tes. The combination tone at ca. 1650cm~' is
presént in the spectra of the series of lantbanide cryptates.

Often the 1ﬁfrared spectrum ‘ah'ows the presence of nitrate counterion.
The pitrate is likely to be coordinated to the metal ion. In principle
ionic nitrate with Dsn symnetry, possesses three infrared-active modes at
ca 1390cm~'ws(Ay), 830cm~'va and 720cm~'ve. Upon coordination of the
anipn, the symnetry is lowered, and the w» sﬁlits into two components at
15.;30-1480cm" and - 1200-1250ca~'. Six infrared absorptions should be

observed,?2° v,

s at 710, 740cmn~', v, at 820cm~', v, at 1030cm~’', v,

3
and w at 1500cm—' and 1250cm—'. The absorptions at ca. 1515cm~’ and ca.
1250<:-m“1 afeb clearly present in the 1nfr§red spectra of nitrate containing
products, however the lower energy absorptions quected are masked by
tetraphenyiborate and GT absorptions. Although there was perchlorate
present in the BaGT starting material thic doec not appear in the spectra
of the lanthanide GTI cfyptate. |

The n.m.r. spectra of the paramagnetic lanthanide cryptates showed

strongly broadened: and shifted signals, as expected for paramagnetic

complexes.



213

TABLE 26 Infrared spectral data for lanthanide ion GT complexes.

vBPha

705(s)

COXPLEX COLQUR w=F vEO» vOH
42 LaGT(BPha)2(NOs):H20 yellow  1605(m) 1577(m) 1520  3439(br)
o 734(s) . 1250 :
706(s)
43 CeGT(BPha)z (NOs) rust 1606(m) 1574(m) 1515 3443 (br)
. 734(s) 1249
706 (s)
44 PrGT(BPha)=2(NOs)2H20 yellow 1607(m) 1575Cm) 1516
- 734(s) 1256
706 (s)
45 EuGT (BPha4)a:4H20 yellow 1608¢m) 1575(m) -
_ : 733 (s)
706 (s)
46 GAGT (BPha) 2 (NOa) yellow  1607(m) 1575(m) 1518.
' 734(s) 1257
705 (s)
47 TbGT(BPha)2(NOa):2H=20 yellow 1606(m) 1575(m) 1516 3437 (br)
' 732(s) 1256 '
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TABLE 27 Electronic spectral and magnetic data for [LnGTI®* complexes

COMPLEX MAGNETIC DATA ELECTRONIC SPECTRAL DATA
- u aff/BM v max/cm™!
300K 65K

42 LaGT (BPha)2(NOs):2H20  diamagnetic 25,700 CT

44 PrGT (BPha)=2(NOs):2H20 3.58  2.82 : 25,600 CT
23,809 f-f
21,739 f£-f
20,833 f-f
16,939 f-f

45 EuGT (BPha)a:4H20 3.47  1.97 25,700 CT

46 GAGT (BPha)z (NOa) 8.49  8.32 25,700 CT

47 TbGT (BPha)2(NOa):2H20 9.73  9.58 A 25,700 CT

» : 20,534 f-f
CT = charge transfer ’

The formation of the lanthanide ;r‘yptatea was confirmed by fab mass
spectroscopy and magnetic measurements. Magnetic susceptibilities bhave

been nmeasured for the lanthanide conplexgs and the calculated paramagnet;cl
'noments. corrected 'for' diamagnetic susceptibility contributions are

displayed in table 27. |

The fast aton bonbardmeht mass spectrum of lanthanum GT cryptate shows

' cluatéfs at m/e 496 (20%), 599 (5%) and 876 (10%) which are attributable

to (LaGTl* , (LaGT(RQsl* and LQGT(BOa)(BPhd]‘.‘ Howaever the starting

material for the transmatallation was BaGT and the relative atomic nasses

of Ba and La are very similar, Ba = 137.33 and ‘La = A138.91. the relative

isotopic abundance of the isotopes of the two are quite different though,

Ba has three isotopes 136(7.9%) , 137 (11.2%) and 138 (71.7% whereae La
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has two ; 138 (¢0.1%) and 139 (99.9%). The relative inteneities of these are
so different that probably only the more intense peak waould be observed.
The isotopic abundance pattern in the fab. mass spectrum is similar to the
pattern expected for LaGT. The NNR spectrum of a sample of LaGT ehows
three sets of resonances due to GT prﬁtona. The imine protomns give rise to
the signal at 8.0lppm, the methylene protoﬁe adjacent to the imine
function give a triplet at 3.81 , the methylene protons next to the
bridgehead nitrogens give the signal at 2.96ppm. The spectrum aleo shows
strong resonances due to the tetraphenylborate counterion at 7.22m, 6;94t
6.75t , the tetraphenylborate signals "integrate in the ratio 2:2:1. Signals
due to coordinated ethanol appeared in the spectrum at 1.1t .and 3.0q.
‘Integration suggested the presence of three ethanol molecules per cryptate.
The sample used for nmr was a different sample to that sent for CBN
analyeis and magnetic susceptibility measurements.

The formation of the gadolinium GT cryptate wae verified t;y fab mass
spectroscopy. Clusters due to [GAGTI* at m/e 515 (45%5, [(GAGTROal* at m/e
577 <10%) and (GdGT(BPha)]* at m/e 835 (8% were observed. Nagnetic
neasurements and the presence of an esr spectrum for the complex provide
further evidence that the Gd®* ion is present. Nagnetic measurements were
taken in the range 300-80K and show a small decrease in magnetic moment
from 8.49BM to 8.32BM. ‘I‘he esr epectrum of the complex was recorded as a
dmf glass, o broad signal was observed.

Trivalent Jantbanides have a 47 5s® 6p* electronic configuration
which results in weak crysﬁl field and directional effects.2=9.347.348 The
forbidden f-f transtiticne are waak but with the exception of La®~, Ce®~
and Yb®* the trivalent lanthanides give line-like absorptions that

resemble the lines of emission spectra more closely than. the broad
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abeorptions of d-d type transitione. In the lanthanide GT series f-f
transitions are superimposed on the much stronger 'charge transfer
absorption at ca. 25,500cm-', Transitions (f-f) which occur on the tail of
the charge transfer absorption ar.e clearly via':l.ble. whereas transitions
that appear to higher wavenunbers either form slight shoulders. on the
charge fransfer absorption or are masked complétely.

Fab mass spectroscopy of the europium GT cryptate shows a cluster at
m/e 510 (40%> which is attributed'tq (EuGTl*. The magnetic measurements
for the complex verify that Eu®* is present. ‘The europium cryptate
displays a large decrease 1in magnetic moment as the temperature is
decreased, as expected. Eu®* has a 7F. ground state and it's paramagnetism
occurs as a result of population of low lying excited J states. The first
second and third excited J ‘states are sufficiently close to the ground
state to be apbreciably populated at room temperature. At reduced
temperatﬁre a decrease in population of the excited states leads to marked
reduction in the magnetic moment of the Eu®* complex.

The europiun cryptate was of particular interest in view of the
possibility of luminescence from excited states of the cryptated europium .
ion. It was hoped that the GT cryptate might protect the éuropium ion from
radiationless deactivation by soivent molecules, as reported for Lehn's
europiuh cryptate.#%$© Luminescence studies on the .EuGT cryptaté are
underway, in collaboratign with Prof. J. Kelly, Trinity College, Dublin.

In view of the cost of the europium ealt and the low yield of
‘europ.iun cryptate obtained, attempts were made to improve the synthesis.
It is ﬁown that lanthanide ioans forml insoluble lanthanide hydroxide
precipitates in the presence of water, thus anhydrous conditions were

‘employed in later preparations of the cryptate.
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Gansow and Triplett have developed a synthesis of lantbanide polyether
cryptates. Although the lanthanide cryptates of polyether cryptande are
highly kinetically inert towards dissoclation in agueous so;ution. their
formation constant is not large enough to allow their synthésis in such a
polar solvent. The hydrated lanthanide salt solution in weakly coordinating
organic solvent e.g. acetonitrile is treated with a dehydrating agent such
as triethylorthoformate prior to complexation with an equimolar quantity
~of the cryptand. Crystallisation of the complex is induced by
concentration of the solution and addition of a llxon—polarl solvent.

‘A similar idea was applied to the synthesis of the EuGT conmplek.
Dried solvents were used and 2,2-dimethoxypropane was added to scavenge
water from the hydrated europium salt. Although the yield qf cryptate w‘as
improved by use of anhydrous conditions and the presence of dehydrating
agent, the yileld was not dr‘anat:l.cglly increaaedi It is noticeable that the
europiun GT cryptate is the only member of the lanthanide cryptate series
that can be obtained as tritetraphenylborate. All of the others retain some
nitrate counterion.

It has been reported that the syntheéis of 1:1 cryptates of
lanthanide ions is usually easier when a good coordinating anion -is
provided, one that can coordinate to the mlatal ion through the strands of
the cryptand. Nitrate is often> chosen as the counterion due to its strong
coordinating properties which make the complexes le;s sansitive to
moisture and more readily crystallised. Perchlorate is also used and a
bidenﬁte perchlorate coordinates to europium through the strands of the
2:2:2 cryptand. However attempts to obtain a eurocpium GT cryptate as a
nitrate or a perchlorate failed. Initial attempts involved removal of

tetaphenylborate anion from EuGT(BPh4)» using eilver parchlorate or silver
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nitrate. The precipitate of silver tetraphenylbofate was removed and the
filtrate concentrated to low volume. Toluene was added to encourage

crystallisation of the cryptate, however only oil resulted.

GROUE" 1 CRYPTATES.

Cryptates of Na* and K* were obtained by transmetallation of barium GT
using the group 1 metal sulphate. Sulphate was chosen as the counterion
because barium sulphate, a product of the metal exchange, 19 practically
insoluble in acetonitrile. The <formation uf- barium sulphate should
therefore asesist in driving the metal axchange forward. The group 1 metal
sulphate was dissolved in a minimum of hot water and added dropwise to
barium GT in acetonitrile. A ﬁrecipitate formed slowly aﬁd was filtered
off after 2-3 hours. The infrared spectrum showed that this was a
sulphate, presumably mainly barium sulphate. Transmetallation 'with ¥a*+
gave a mixture of pale yellow microcrystals and pale yellow pow_der at low
volume. The infrared spectrum -of the product showed that GT and the
‘tetraphenylborate counterion was present. Fab mass spectroscopy verified
_that the sodium cryptate had been formed. The fab spectrun of NaGT(BPh.)
showed a cluster at m/e 381 (15%) which 1is attributea to [NaGTI}*. A
cluster at m/e 359 (25%) which is due to [GT+HI* was also observed. The
fab spectrum showed no evidence of the preseﬁce of bariumn GT starting
material.

Transmetallation of BaGT(BPha)z with K= éave pale yellow
microcrystals which were surrounded by oil. ‘fhe existence of the patassium
cryptate was shown by fab masé spectroscopy. A strong cluster at m/e 397
80%) due to (KGT)~ was observed. In this case [GT+H] at m/e 359 was

absent from the spectrum, as wae evidence of the presence of barium GT
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starting material. Acceptable CHN analysis was not obtained for this
complex. Only oil resulted from attempted recrystallisation. The difficulty
in isolating group 1 GT cryptates is not surprising in view of the ‘hard’
nature of the group 1 ions and the relatively soft nature of the a-diimine
donor groups of the GT cryptand. The synthesis of_ sodium cryptates of
macrobicyclic ligands containing bipiyridine and phenanthroline groups has
been reported<*'., The sodium ion was found ts be an effective template
metal ion in the synthesis of the 'éryptand. The inclusive nature of the

sodium cryptates was demonstrated by nnmr.

" ATTEMPTED REDUCTIVE DEMETALLATION OF GT COXNPLEXES

A fairly large amount of time and effort was iIinvested in attempted
" reduction of the GT crypfatea. Various possible routes to the metal-free
reduced GT ligand were investigated, including template of GT on PbUID
followed by sodium borol;ydride reduction and synthesis of PbGT(BPh.)z via
trancmetallation followed by sodium borqhydride reduction. The lead GT
complex PbGT(BPha)2 was prepared by transmetallation of barium GT using
lead nitrate. A precipitate was removed by filtration and infrared
spectroscopy vshpwed that this was a nitrate, probably barium nitrate. Fab
mass Epectroscopy showed clusters due to the lead GT cryptate, m/e 566
[PbGTI* (35%) and m/e 884,‘[Pl:>GT(BI=>h.‘)]+ 8%)

The reduction attempts using lead CT starting material gave a black
precipit;ate of lead metal on addition of FaBH., as expected, though the
lead precipitafe was solubilbiaed again within minutes. Removal of the lead
précipitate_ by filtration under vacuum waé only partly succesesful. It
appears that the reduced cryptand complexes lead avidly. The work-up

procedure for the product of the borohydride reduction involves extraction
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of the cfypta;d into chloroform, the metal complex does not dissolve in
the chloroform layer and ia'lost in the work-up procedure.

As a result of the probleme encountered in attempts to red;ctively
demetallate PbGT, various metal im; cryptates were 1nvesfigated as
stafting materiale for the reduction. Attempted preparation o-f a silver
cryptate for use in.the reduction failed. Both'attempta to eyntheeise a
silver GT cryptate by template methods and transmetallation of the group
(II) cryptates with Ag* were carried out. The manganese GT cryptate was
used as starting material without success. A | |

During the course of this wark, the syntheeis of the octaamino form
of GT by traditional organié methods was publishe& by Lehn and coworkert?fbq
ATTEMPTED E';YNTHESIS OF A RUTHENIUM CRYPTATE
Fat; mass spectroscopy showed tht early attempts to transmetallate
'S_rGT(BPh‘;)z using Ru(PCsHs)=Claz failed. Cream crystals of unreacted
starting material SrGT(BPha)z was obtained and the fab spectrum displayed
(SrGTl* at m/e 446 asv the base peak. A later attempt employing more
vigorous conditions produced orange microcrystals. The iﬁfrared spectrum
of the orange product indicated tbat the GT cryptand was present and
intact. An imine absorption was observed at .1609cm~' and amine and
carbonyl frequencies were absent from the spectrum. Strong abéorptions due
to the tetraphenylborate counterion were observed 1in the infrared
spectrum. The CHN analysis is not rﬁliable ac a means of determining if
metal exchange has occurred as Ru and Sr have similar atomic mass. If the
ruthenium ion remained Ru#*, both RuGT and SrGT tetraphenylborates would
‘give similar CHN analysis. Another poseibility is that the ruthenium ion
nay oxidise to RudIIl). This need not affect the anglysis to a great extent

if the third anion was chloride.
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The orange colour of the product was hopeful as the ruthenium
cryptate of the large phenanthroline-based cryptand which Qas reported by
de Cola was orange in colour.214 .The fab masa spectrum of the product
showed no trace of [RuGTI*. Despite the fact that the infrared spectrum
clearly showed a complex of GT to be present, there was no evidence of
[SrGTj* from the starting material or (GT+H]™ in the spectrum.

AT;I‘E](PTED SYRTHESIS OF CRYPTATES FRON ALIPHATIC DICARBOKRYLS

The success of the synthesis of GT from tren and glyoxal prompted
attempts to extend the synthesis to reaction of other dicarbonyls with
tren. The dicarbonyls pyruvic aldehyde, bi@tyl and glutaraldehyde were
used in attempted cryptate synthesis. Sun.maries of the synthesis attempts
are presented in tabular form at the end of the experimental section.
Pyruvic aldehyde and biacetyl contain one'. and ° two ketone groupe
respectively and it was expected that as a result éhese would be less
reactive towards Schiff-base formation than a dialdehyde such as glyoxal. |
Early attempts concentrated on the use of more vigorous reaction
conditions. Glutaraldehyde is a dialdehyde and should not cauée problems
in terms of reactivity. However the relatively long and flexible aliphatic
chain of glutaraldehyde may ’make cryptand formation unfavourable in
entropy terms. The aliphatic chain of glutaraldehyde is too long to give
favourable five or six membered ripés on coordination of imines around a
metal ion. It may be more ‘feacible to form binuclear complexes from
reaction of tren with glutaraldehyde.

Two-three months was spent on the GT syntheeié before marked progress
was nmade, thus it is possible that these atténpts are not totally bhopeless.
The infrared spectra showed some indications of imine formation and often

the product did not appear to be polymeric.
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COMPLEXES QF 3Bp
There is interest in metal-ion complexes of small nono—nucleaj:ing
cryptands because of their potential as redox reagents a'nd their possible
selectivity for metal-ions. Larger binucleating cryptands are of interest
due to the possibi-lity of coordination and activation of substrates
between metal ions, or inclusion of small molecules or anions within the _
grypﬁnd. The cryptand 3Bp is the largest 61' the series studied by us to
date. ' |
Tren, N(CH2CH=NHz)», displays remarkable complexatibn properties towards
transition metal cations.®4®.2%° The tren molecule isw'a convenient building
block which permits a controlled arrangement of cations within a cryptand.
The linkage of two tren subunits by reaction with three dicarbor;yls
 provides Schiff-base cryptands whicix have potential for transition metal
ion encapsulation. The internuclear separation of the metgl ione can be
controlled to some ex‘t;ent by choice of the bridging fragments.

The cryptand 3Bp contains para-substituted benzene in the bridging

arms and is shown in figure 35.

Figure 35 The cryptand 3Bp
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Synthesis of the metal-free cryptand 3Bp and synthesis of the disliver
and dllead cryptates by template methods was reported previously

The success of the synthesis of the 3Bp cryptand by a non-template
method may reflect the rigidity of the dlcarbonyl reactant and a possible
Internal hydrogen bonding template effect that tends to keep the amine in
a suitable conformation for cryptand synthesis. The X-ray crystal
structure of the metal-free cryptand has been determlned*"”*® and Is shown
In figure 36. The X-ray structure shows that the cryptand adopts a
divergent conformation and forms hydrogen bonds to six water molecules

lying outside of the molecular cavity.

Figure 36 The X-ray structure of 3Bp:6&.720
The water molecules are also hydrogen bonded to each other and 1link
individual cryptands within the crystal.

Tasker has prepared a series of dl-lmlne tetraaza macrocycles in
metal-free form and has attributed the success of the synthesis to the
formation of Intramolecular hydrogen bonds 1In the product.@'' 1In this
product the Imlne functions are In the trans trans conformation and this
Is the predominant conformation found In the reactant dlaldehyde, thus a

template Ion Is not required to hold this reactant In a suitable
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conformation for reaction. Similarly, Fenton has noted that confcrmer
distribution 1s related to whefher a template ion is required for
macrocyclisaticnn.”2 ‘ |

The work previously reported by D ¥arrs has been lextend’ed_ here to
the synthesis of +transition metal 1bn cryptates of 3Bp. Both
transmetallation of the templated disilver‘and dilead SBp.conplexes and
metal ion insertion into' the free 3Bp cryptand were investigated. The
transition metal ion c&mplexes of 3Bp and physical data for the complexes

is listed 1in tables 28 and 29.

PHYSICAL DATA FOR TRANSITION METAL 3Bp CQHPLEXES

TABLE 28 Infrared spectrai data/cm™’

COMPLEX. COLOUR vC=N vCF2S0a vNCS vOH

48 Cu23Bp(CFaS0s)z  -orange . 1637ms 1278 - -

1620 1222
1159
1026
635
49 Cu23Bp(SCN)2:4NeCN yellow  1640ms - 2060 -
1625sh 2048
50 C023Bp(NCS)«:3H20 blue 1642ms - 2066 3400

1620br, sh 2040sh

Table 29 Magnetic, eleetfonie spectral and conductivity data

COMPLEX p eff, . - ELECTRONIC SPECTRAL DATA
: /BN /S cm¥mol-' v max /cm™’ €
48 Cu23Bp(CF2S0a)2 diamagnetic 247 27500 8000
. - 35500 70000
~ 300K 80K
50 Co23Bp(FCS)4:3H20 4.5 4.2 - 16050 600

7030 100
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Many attempts were made to transmetallgte dilead or disilver 3Bp
<-:omp1exes. Some of these attempts along with conditione e.nployed, solvent
and results are shown in table 2 in the experimental chapter. The onmly
transition metal cryptate obtained by 'transmetal.lation‘ was the dicobalt
complex Co23Bp(NCS).. Fab mass spectroscopy verified that the product was
a dic;abalt .comple.x of 3Bp, however acceptable CHN analysis was not
obtained for the product formed by tranemetallation.

Various strategies were used in attempted transmetallation. Anions
were chosen so that insoluble silver or lead precipitates might form and
improve the chances of metal exchange. Elevated temperatufes were used in
some cases to find if thies would increase the_ rate of metal exchange,
however this often | led to ring opening which was apparent from the
presence of amine and carbonyl frequencies in the infrared spectra of the
products. Generally only anion exchange resulted when reactions wére
attempfed at tempearatures of around 55°C. It was noted that the
thiocyanate anion was required for formation of the dicobalt cryptate, so
this was used in some of the attempts with different transition metals to
investigate if a good coordinafing anion might stabllise cryptates of
other transition metal ions. Despite the presence of thiocyanate,
transmetallation attempts with metal ions apart fram CQFCII) vwere
_unsuccessful. |
Metal insertiorn into the metal-free 3Bp ligand was more successful.
" Copper(I) and cobalt(II) formed binuclear cryptatee of cryptand 3§p.
Attempted insertion of iron(II) or manganese(II) into the metal-free 3Bp
cryptand gave px;otcmated 3Bp. Attempted insertion of Ni(II), in the absence

of thiocyanate, gave unreacted starting material or anion exchange
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products. Héwever a. [Ni=3Bp)4* complex h;s since been obtained in the
presence of thiocyanate ligand.

The dicobalt 3Bp complex Co=3Bp(NCS)4:3H20 (50) was obtained by
metal insertion into the metal-free 3Bp cryptand. The dicobalt complex
(50) was insoluble in acetonitrile and precipitated out of solution on
addition of a solution of cobalt thiocyanate to a solution of the starting
material. Recrystallisation could only be achieved in low yield using a
DMA/BEt20/Me0OH solvent mixture. Fab mass spectroscop.y verified that the
dicobalt complex had formed. Fab mass spectroscopy showed clusters due
to fragment ions containing Co=3Bp. A cluster at m/e 703 (50%) is due
either to [Coz3Bpl* or to [Co3Bp<NCS)>]* and another cluster observed at
m/e 759 (55%) is assigned to either [Co=z3Bp(NCS>]* or '[Co38p(NCS)zJ*.
Cobalt and thiocyanate both have mass close to 58, therefore alternative
assigoments fit the peaks observed in the fab spectrum. The isotopic
cluster pattern suggests the presence of two cobalt ions. Th&e Was no
evidence of the presence of' a Co(NCS)s counterion in the fab spectrum of
~ the product.

The infrared spectruﬁ of the dicobalt SBp>comp1ex (50) showed a
strong v(C=N) absorption at 1634cm~' and absorptions aftributable to
amine or c-arbonyl -functions were absent indicating that the 3Bp ligand had
remained intact on metal insertion. A small shift‘ in position of the
v(C=N), to ca. 10cm~' lower than that of the 3Bp starting material, was
obgerved on formation of the metal co.mplex. A poorly resolved shoulder
was observed on the low frequency side of the v(C=N) absorption in the
infrared spectrum of the cobalt complex which suggests gither that not
ail of the imine nitrogens of the cryptand are coordinated to the cobalt

ion or a low symmetry environment for the Co(II) lon. A strong thiocyanate
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absorption was observed at 2066cm~' in the infrared spectrum, euggeet,in.g
" N-terminal coordinafion of thiocyanate. The presence of a shoulder at ca.
2040cm~' indicates th_at there are two different symmetry environments for
the thiocyanate groups. The infrared spectrum of HgCo(NCS)« was taken to
determine the position of the thiocyanate ;absorption for the cobalt
tetrathiocyanate counterion and a strong absorption at 2095¢cm~' was
observed. Thus this observation provides further evidence that the ;obalt
tetrathiocyanate counterion is not present.

The electronic spectrum of complex (50) is typical of tetrahedrally
coordinated Co(II), consisting of a fairly intense band at 16050cm~' < =
600 1 mol~' cm~') and a less intense band at 7030cm~' (100 1 mol™' cm~
'). The higher energy absorption is assigned to the transition <Az 4 4T,
.(P) (In tetrahedral symmetry), while the lower energy band 1s assigned tor
the transition “Az + 4T, (F) The extinction coefficient, particularly of the’
higher energy band, is too high for octabedral coordination of the Co(ID
ion and falls in the range ex;;ected for tetrahedral coordination.

Magnetic measurements for the complex provide further evidence of
tetrahédral coordination of the Cﬁ(II) ion. A value for p of 4.5BN per
Co(ID) ion at 300K was récorded. This value falls in the range expected
for tetrahedrally coordinated Co(ID) (4.2-4.8). The r_elat.ively low value of .
M, for bhigh-spin Co(IIl), suggests that there is little orbital contrvibution
to the moment, as expected for tetrahedrally coordinated Co(ID. '

The thiocyanate ligand appears necessary to providé thé tetrahedral
binding site for Ca¢ID) 1in tha _complé.x CszBﬁ(ICS)4:3Hzo. This factor
combined with the observed splitting of the v(C=N) absorption in the

infrared spectrun suggests that the cobalt(II) ion may be coordiuated by
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two imine nitrogen donors of the cryptand and two N-~terminal thiocyanate
ligands in a tetrahedral arrangement. |

Altérnative counterions were used in an attempt to produce a more
soluble dicobalt conpléx wbich might crystallise more slowly. On use of
c;:balt perchlorate, cobalt triflate or cobalt nitrate, only pale brown
solutions resulted and brown oils were obtained at reduced volume. The
brown colour of the solution suggests that the Co(II) ion is attempting to
find six domors in solution. It appears that a small or linear
coordinating anion is required to provide a suitable tetrabedral
coordination site for the cobalt (II) ion within the 3Bp cryptand.

The potentially bridging anions,» azide and cyanate, were investigated
in an attempt to form Co23Bp complexes. Addition of an aquebus solution of
azide to a pale brown solution of 3Bp and cobalt triflafe. did not produce
green colour. An -0ily rust-brown mixture was obtained on reduction in
volume, Addition of NaNs as 2 solid to a colution of 3Bp produced green
colouration, however ,.the product obtained was impure. Addition of a
solution of cyanate to a pale brown solution of 3Bp and cobalt triflate
gave instant green colour however only a green oily hixture was obtained
on reduction in volume.

Attempteci insertion of Cu(II) into the metal-free cryptand 3Bp as
described in the experimental sectionm, éave a green solution.from which
orange crystals of the dicopper(I) complex Cu=3Bp (CFans)z were obtained
on slow evaporation.' The infrared spe.cA‘l.:rum of the dicopper(Il) cryptate is
shown in figure 37. A strong and split wC=F absorption was observed at
ca. 1637cm~' and absorptions attributable to amine ar carbonyl functional
groups were absent from the spectrum, indicating that the cryptand bhad

remained intact on metal insertion. A shift in the frequency of the imine
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absor'ptiqn‘vyas observed on coordination to the Cu(I) ion, fr.on 1643cm—?
in the metal-free 3Bp cryptand to 1637cn~' in the complexed cryptand. The
splittiﬁg of the imine absorption suggests either a iow symmetry binding
site for Cu(D ‘or that not all Aof the six imines are '1avolved in
coordination of the Cu(l) ion.

The electronic spectrum of the complex shows a strong charge transfer
absorption at 27,500cm—' (¢ = 8000 1 mol~' cm~') which accounts for the
intense orange colour of the complex. This is presumably a Cu(I) -+ imine
charge transfer transition. A Istronger‘ absorption was observed at
38,500cm~' (¢ = 70.000 1 mol-' cm~'), which is possibly a n-x* absorption
of the l'igand. The co‘nductivity measurement for the complex in acetonitrile
falls in the range expected for a 2 : 1 electrolyte which indicates that
the triflate anions do not coordinate the metal ions of the complex im
acetonitrile solution. |

Crystals of suitable size and quality for X-ray structural analysis‘
were obtained and the complex was found to be isomorphous with the
disilver 3Bp complex Agz3Bp(CFsS0z)2. The X-ray structure of the disilver

3Bp complex was solved previdusly275 and is shown in figure 38.

Figure 38 The X-ray crystal structure of Ag23Bp(CFaS0Us)=z
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In the metal ion cryptate the lbne pairé point into the molecular cavity
and coordinate to the metal ions which are bound inside the cryptand
cavity. The imine ﬁitrogens are in a mutually cis' reiationship in the metal
complex. The bridgehead N-C bonds are eclipsed in the complex but are
stéggered' in the free ligand. Each silver ion is four coordinate and 1s
bonded to the bridgehead nitrogen and to three imine nitrogen dono_rs. of
the tripodal tren based subunits located at either end of the cryptand.
The silver 1611 lies outside the tetrahedron formed by the four nitrogens
towards the centre of the cavity.

Complexation of the metal ion within 3Bp induces drastic
conformational change in the cryptand. The X-ray structure of the metal-
free 3Bp éryptand (figure 36) shows a divergent conformation with the
inine nitrogens involved in hydrogen bonding to water. moleculés lying_
outside the molecular ;avity. The imine nitrogens are transv to each other
in the free ligand. On 'cnmplexation. transformation to a eomlre.rgent
binding conformation is achieved(figure 38). In the metal-free and
complexed forms of the 3Bp cryptand, the orientation of the benzene rings
differ. The benzene rings of the silver complex are tilted so that
hydrogen atoms on one side of each ring point towards the molecular
cavity. Each silver ion bhas contacts with three hydrogens from the
bridging benzene rings. |

Lehn.has repérted a crystal structﬁre of a dicopper(I) complex ;:f a

Schiff~-base cryptand which is shown in figure 39 =%
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Figure 39 The X-ray crystal siructure of Lehn’'s dicopper(l) cryptate

The cr};stal structure of Lehn's dicopper(l) cryptate showed that each
copper(I) c;tion is tetracoordinate and lies 0.2 outside the tren based
subunit to which it is bound. In Lehn's cryptate too, hydrogen atoms of
the benzene rings are directed towards the copper (I) ions (figure 39).

It 1s unclear why the v(C=N) 1s split in the dicopper(l) complex. The
infrared specti‘u.m of the complex Ag=3Bp(CF2S0s)= whoée crystal strﬁcture.
is shown in figure 38 aexhibite a charp and unsplit v{(C=F) absorption at
163%¢cm—? 1q the infrared spectrum. It mﬁy be that the Cu(I) binding site
is more Iirregular, perhaps the Cu(I)-K imine bond lengths. are not
equivalent. Crystallographically isomorphous complexes need not
necessarily 'be precisely isostructural'”+ and there may be slight
differences in the coordination sphere of Cu(l) and Ag(D.

The dicopper(I> 3Bp complex (48) has been obtained by an alternative’
route involving metal ion insertion into 3Bp using Cu(HeCH)V.‘CFlaSOa. The
orange product obtained by this method was not so crystalline as that
obtained by use of Cu(CFaSO=)=. The sfrong green colour which formed on
stirring 3Bp with a Cu(ID) salt in acetonitfile,suggested that a copper
(I1) complex formed initlally And could possibly be obtained as a solid

if isclated quickly. However rotary evaporation of the green solution gave
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only yellow Cu(I) containing products. Attempts to precipitate a copper (II) .
3Bp complex by mixing a sol_l.ution of 3Bp in methyléne chloride with a
golution of Cu(CFaSOs)a in ethanol gave a pale green precipitate
containing protonated 3Bp salt. It is probable that the 3Bp cryptand
cannot provide> a square-based coordination site which would stabilise
‘Cu(II). whereas the tren-based subunits at either end of the 3Bp cryptand
offer a coordination site which is acceptable to the Cu<I) ion. In addition
the unsaturation of the cryptand will tend to stabilise the lawer
oxidation state further.

The complex Cu=3Bp(SCH>> was prepared by metal insertion into 3Bp
using Cu(CFsSOs)z and a solution containing an excess of sodium
thiocyanate was added to the filtrate. This caused an instant colour
change of the reaction mixture from gréen to a deep orange-red colour and
product started to crystallise out on stirring. The infrared spectrum of
the product shows uvC=N at 1640cm~' and absorptions attributable to anine
or carbonyl are abeent from the aspectrum. The presence of a shoulder on
the low fréquency slde of the imine absprpticm. at ca. 1625cm~' suggests
either a low symmetry environment ar that not all of the imines are
coordinated to the Cu(I) ions.

fnfrared spectral evidence suggests that the thiocyanate anions are
coordinated. A strong absorptibn at 2084cm‘; and a shoulder at 2060cm—'
indicate that the thiocyanates exist in two different environments. The
v(NCS) absorptions fall at the low frequency end of the range expected for
S-bonding of the thiocyanate ligand. Coordination of the Cu(I) by S-bonded
thiocyanate is expected in view of the soft nature of Cu(I). Each copper(D

lon may be coordinated by two imine nitrogens and a thiocyanate ligand.
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Attempted insertion of Fe(II> or Mn(II> into the metal-free SBp'
crypténd gave protonated 3Bp. The pale cream colour of the product
suggested that the metal ion had not been inserted into the cryptand yet
the infrared spectra showed strong absorptions due to the counterion,
suggesting that the cryptand haa become protonated. Fab mass spectroscopy
of the product obtained from the manganese insertion attempts showed a
peak at m/e 587 as the base peak which could be attributgd to 3Bp or
protonated 3Bp. However, higher mnass peaks that might have. shown
protonated ligand/anion combinations were not observed in the fab mass
spectrum. The crystalline ﬁature of the creanm product‘ obtained from the
manganese insertion at£empt combined with the very strong npitrate
absorptions in the infrargd spectrum suggest that this was a pure sample
of protonated ligand nitrate, as opposed to a mixture of 3Bp and manganese
nitrate. |

In the 3Bp series, there appears to be competition between the
formation of the metal-complex and formation of the prbtbnated ligand.
Proton n.m.r. shows that there is a strong hydrogem bond in thebprotonated
ligand complex. Tbis is probably.intranolecular. |
Intramolecular hydrogen bonding within a small cryptand has been reported
by Ciampolini et al.2® The cryptand bebaves as a very strong base in the
first protonation step. The exceptionally high basicity for the amine led
to the proposal of a structure for thg monoprotonated cryptand in which
two NH hydrogens are involved in hydrogen bonds with tertiary nitrogens

within the cyclic framework. The proposed structure is shown in figure 40.
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Figure 40 The proposed structure of Clampolini's protonated cryptand

Alternatively, it may be that it is the small size of the coordipation site
in 3Bf> that interferes with the ligand's ability to complex a wider range
of +transition metal ions. In the Co(II) and Ni(ID comi:lexes the
thiocyanate ligand was required to. provide an acceptablé coordination site.
- Copper (I) and silver(l) ions may be more willing to tolerate coordination
on‘one face of the ion and close approach of the benzene ixydrogen atoms
to the other face. The unusual geometry of the cuordination site occupied
by silver or copper (I) in the 3Bp complexes niay‘ not be acceptable to

- more stereochemically demanding transition metal ions.

TRANSITION METAL IO COHPLBXES'OF THE CRYPTAND R3Bp.

The cryptand R3Bp was obtained by reductive demetallation of Pb23Bp(NCS)a

with sodium bor‘ohydride in ethanol, by modification of the method

previ:ously repbrted."" |
The infrared spectrum of the reduced ligand R3Bp shows a strong

absorption due to v(N-H) stretching at 323lcm~'. The strong sharp signal

Qf the 3Bp parent imine at 1640cm~' ie absent. A broad and weak

absorption at ca. 1620cm~' which appears in the spectrum of the reduced
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form, -R3Bp, is attributed to &(H-H) bending. The parent ion peak was
observed in the mass spectrum at m/e 598 corresponding to (3Bp +léH]* ,
which is the octaamino derivative. |

The metal-free R3Bp cryptand was used in complex formation with a range
éf transitioﬁ metal ions. A series of binuclea; transition metal ion
cryptates was obtained and the infrared spectral data for the complexes is

shown in tables 30 and 31.

PHYSICAL DATA FOR R3Bp COKPLEXES

Table 30 Infrared spectral data

COMPLEX _ COLOUR viH vOH CFaS0a vC10a
51 Cu2R3Bp(CF=S0a)=z:H20 cream 3253(s) 3450w, br) 1256 (s) -
1157 (s>
1028 (s)
639 (s)
52 CuzR3BpuOH(ClO04«)»: NeCN: 3H=0 green 3297 (m) 3583 (m,sp) -~ 1091 (s)
1040¢s)
623 (m)
53 CozR3BpuOH (C104)5: 2H=0 green 3278(m) 3578 (m, sp) - 1092«(s)
3242w 1075 (s)
1017 (m)
622 (m)
54 Co=2R3BppOH(CFaS0a)a green 3271(m) 3585(m,sp> 1272(s) - -
» 3230 (m) 1258 (s)
1028 (s)
636 (m)
55 [(R3Bp+4H+] (CFaS0a)a4 colourless 3248 (s, br) - 1234 (s)
1163 (s>
1028 (=)
639 (m)

Infrared spectra of the cryptates show a weak &§(N-H) at ca 1620cm~'.
~.6p = sharp absorption
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Table 31 Infrared spectral data

CORPLEX ~ COLOUR v §H ' v OH vi0= vRCS

57 Ni2R3Bp(NOs)a« turquoise 3202(m) 3450(br> 1479(s), -
1445(s)
1322(s)

58 Co=R3Bp(NCS)s petrol-blue 3235(m) 3400¢br> - 2067(s br)

The infrared spectra of the cryptates show a weak 6(N-H) at ca.
1620cm—'.

Table 32 Magnetic, electronic spectral and conductivity data

COMPLEX p eff. /\_ ELECTRONIC SPECTRAL DATA
T 300K 80K » v max €
50 CuzR3Bp(CFaS0a)=2:H,0 diamag. 241 - -
52 CuzR3BppuOH(C104)=:NeCN:3H20 1.87 1.34 3190  15400(sh)
' 11900 213
53 CozR3BpuOH(C104)s:2Hz0 - - - 21200 151
) : 15800 . 84
54 CozR3BppuOH (CFaS0s)a 4.3 4.0 - 21200 131
- 15500 70

v max in cm™?
p per transition metal ion in BN.
/\. in S cm® mol™’

Tﬁe infrared spectra of the metal complexés of §3Bp showed one or two
fgirly strong bands between 3200 and 3300cm~' which are attributable to
v(N~H) vibrations. The dicobalt complexes exhibited two absorptions in the
NH stretchingA région presumably syinetric and asymmetric stretching

modes.'wheréas the copper complexes showed only one absorption due to
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v(FH) stretching. A weak band at ca. 1620cm~' 1is assigned to the K§H
bending mode, the OH bending mode may also contfiﬁute' to this absorption
in complexes containing water of cz.-ystallisation. The infrared spectra‘_of
the complexes formulated as containing bridging OH- (52), (63> and (54>
ex.hibited a sharp v(OH> absorption in the range 3550-3600cm~'. The sharp
nature of the absorption suggests that the hydroxo ies not hydrogen bonded
and is possibly protected within the cryptand cavity.

Various dicopper crypﬁates of R3Bp were synthesiéed. The dicopperA(I)
"cryptate CuzR3Bp(CFaS0x)2(51) . analysed as the monohydrate. Both the
analysis of the % copper in the product and the fast atom bombardment
iass spectrum of the cream product verify that ’ghis is a copper cryptate
and not just ~protonated R3Bp with triflate counterion. Figure 41 shows the
infrared spéctrun of complex (51). The fab maés spectrum showed a stroﬁg
cluster around m/e 873 (90%) which is due to [CuzR3Bp(CFaS0s)]*. Clusters
due to other copper containing R3Bp ions were evident in the spectrum. The
fab mass spectral Aata is listed in the experimental section. The
conductivity meaéureinent for the complex i;s typical of a 2 : 1 electrolyte
. and indicates that the triflate anions are not coordinated in solution in
acetonitrile. The complexA aAs a solid showed a slight tendency to surface
oxidatidn and a solution of the cémplex showed a more marked green colour
on exposure to air. This observation contrasts witﬁ that for the
dicopper(I)v 3Bp complexes which show no tendency to oxidise. Cyclic
voltammetry was carried out on the dicopper(l) R3Bp complex, however the
electrochemical processes observed were irreversible. A copper stripping
peak was observed.

The conductivity- neasurement t.aken for the dicopper({l)pdﬂ complex

(61) falls in the range expected for 3 : 1 electrolytes, which suggests
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Figure 41 The infrared spectrum of Cu=:R3Bp (CFxS50:) 2! H.
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that the bhydroxo 1ligand remains coordinated to the metal ions 1in
acetonitrile solution and the perchlorate anions are iopié. Variable
temperature magnetic susceptibility measurements on the hjydroxo-bridged
dicopper complex showed a reduction in moment with temperature, indicating.
the presence o0f weak 1interaction Dbetween thé copper (11> centres,
presumably via -the hydroxo bridge. The electronic spectrum shows a broad
d-d band at ca. 11,500cm~' which 1is consistent with tetragonal
coordination. The presence of a slight shoulder at 15.400cm" may indicate
some reduction in symmetry.

Lehn has reported the dicopper(Ill) cryptate of the bistren ligand
. (figure 18, Chapter 1)> and it was observed that 'addition of water to a
soli;tion of the cryptate CuzBistren(ClOs«)s in acetonitrile led to a strong
decrease in the intensity of the esr signal.®® This was attributed to
strong antiferromagnetic coupli;zg of the two Cu(I> ions via a hydroxo
bridge, Martell found that the coordination of u hydréxa group stabilised
the binuclear cryptates of the bistren cryptate.®” The binding of the
hydroxo group was considerably greater than that of the chloride anién. It
was suggested that this was an indication of much stronger coordinate
bonding and perhaps more favourable steric factors for hydroxide binding.
In addition, hydrogen bonding of the hydroxo bydrogen to an ether oxygen
of the cryptand may further stabilise the hydroxo complex within the
polyether cryptand.s”?

The infrared spectra of the dicobalt R3Bp complexes (53) and (54)
show a sharp absorption at c¢a, 3585cm~' which is attributed to the
bridging hydroxo ligand. Th; fast atom bombardment mass spectrum of the
complex (54) shows a strong cluster at m/e 1178 (90%) which ic precumably

due to [CozR3BpuOH(CF2S0a)al+. The magnetic susceptibility measurements
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indicate that the metal centres are weakly antiferromagnetically coupled.
The electronic spectra of complexes (53) and (54) show two bands at
21,200cm~' and ca. 15,600cm~' and suggests that th’e.cobalt ion isfive
coordinate ®®.320

The synthesis of a dicobalt R3Bp thiocyanate was attempted to
discover if a bridging mode of thiocyanate could be accomodated between
the cobalt 1oné. However the infrared specfrum of the product
CozR3Bp(NCS)a indicated that the fhiocyanate was N-terminal. It is
possible that steric hindrance between the aroﬁatic rings of the cryptand
and the thiocyanate liga'nd prevents bridging. The thiocyénaf.e absorption
was stfong and relatively broad and may indicate slightly different‘
environments for the thiocyanate ligandé.

Attempted insertion of Mn(II) into R3Bp initially produced a strong
‘yellow coloured solution which suggested that Mn(II) had been inserted
into the .cryptand, but gradually the seolution became brown and on
reduction in volume a brown solid came out of solution. The infrared
spectrum of the solid showed that it was inorganic and probably a Mn(IID
hydroxide, ;lith some triflate anion also preeent. On slow evaporation the
colourless filtrate gave colourless cfystals of protonated‘ R3Bp triflate
which were were of suitable quality and size for X-ray structural analysis.

The infrared spectrum of the crystals showed a broad absorption over
the v(§-H) region of the spectrun. The broadening of the N-H stretching -
band may be a result of hydrogen bondiﬁg as well as overlapping of thé
individu;al N-H stretching bands. Several individual N-H stretching bands
were present on the high frequency side of the .broad absorption. Hydrogen
bonding weakens the N~H bond and results in a shift of the N-H stretching

absorption to lower frequencies.®=° In éddﬁ;ion. strong absorptions due to
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the triflate anion were observed in the infrared spectrum. The CHN
analysis of the product suggeste& the presence of four triflate anions to
one cage molecule implying tetraprotonation of the R3Bp cage. This was

later confirmed by X-ray structural analysis.

THE CRYSTAL STRUCTURE OF [R3Bp + 4H*] (CFaSO0a)a

The X-ray crystal structure of [R3Bp+4H*] (CF2S0a)a is displayed in fi_gure
42. The structure shows that there are four triflate anions to one cationm,
the tetraprotonated R3Bp ion. The bridgehead nitrogens are not protonated
and the lone pair points into the molecular cavity. Two of the six
secondary nitrogen atoms have hydrogen atoms which are hydrogen bonded to
triflate anions. Two other secondary nitrogen atoms bhave each got two
hydrogens w.hich are hydrogen bonded to an oxygen atom of a triflate ar‘xd
to the remaining two nitrogen atoms of the cryptand. There is 'oixe
intramolecular hydroéen bond at each end and one external hydrogen bond
to a triflate anion. The cation has twofold symmetry.

Protonation of the R3Bp ligand was expected to occur on the secondary
nitrogen sites of the bridges. Tren itself forms a triprotonated species
N(CHzCHzNH$+)3 155 and the crystal‘structure of the tren trichloride
complex has been determined. Equilibrium constants for the reaction of
tren with HCl have been determined. At 20°C 1logK' for the first .
protonation step was 10.15, long.was 9.26 and logK® was 7.96; which is. in
accordance with expectations since the attraction for succeeding protons
is decreased by electrostatic repulsion of those already bonded to the
molecule. ‘fhe basicity of the tertiary tiren nitrogen is much lower than

that of the primary amines.
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Similgrly the hexaprotonated bis-tren cryptand is protonated at the
six‘secondéry nitrogen sites and the bridgehead nitrogené are much more
difficult to protonate.- Lehn's fluoride anioﬂ seqﬁestering ¢ryptand
(structure 104, Chapter 1) makes use of projanation of the secondary
nitrogen sites to retain fluoride within the cryptand.*<® The bridgehead
ﬁitrogens were not protonated.

We hope to be able to accomodate anions within the protonated R3Bp
iigand” The reduced cryptaﬁd R3Bp was found to form a wider range of‘
metal-ion complexes tban the'hexa1mine cryptand 3Bp. The presence of the
inine groups adjacent to the aromaticfrings in 3Bp leads to a more rigid
macrobic&clic framework aﬁd accompanying steric constraint. The increased
flexibility of the reduced cryptand, relgtive.to the hexaimine, enables the

cryptand to provide a wider range of coordination geometries.
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COMPLEXES OF LIGAND 3Bm

Ligand 3Bm was synthesised by 2+3 Schiff-base condensation of tren with
isophthalaldehyde 1in methanol. The infrared .spectrum of the white
cryétal.line product showed a strong imine absorption at 1643cm~' and
frequencies attributable to amine or carbopyl were absent from the
spectrum indicating that Schiff-base condensation was conplete.

The X-ray crystal structure of the 3Bm ligand has been determined

previously and is shown in figure 43.%75

Figure 43 The X-ray crystal structure of the 3Bm ligand

The b"ridgehead F-C bonds az:-e eclipsed as the viéw of the structure along
the bridgehead K ,¥ axis demonstrates. In this conformation there is little
free space inside the molecule and the nitrogen donor atoms are divergent.
However the 3Bm cryptand can adopt other conformations and complex
formation 'with Cu(l), Cu(II)> and Ag(I> has been described.2”% Thus in
the presence of a suitable metal ion it is energetically favourable for the
cryptand to adopt thé convergent conformation which is required to form

metal ion cryptates. -
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Cryptate. formation from 3Bm and other transition metal ions was not
previously investigated.

_Attempted insertion of Ki(ID) d4nto the SBﬁ cryptand gave purple
microcrystalline soli-d. On addition of a solution of nickel nitrate in
acetonitrile to a solution of 3Bm in ethanol a deep green coloured solution
resﬁlts which gradually becomes blue. Purple micr'ocrystals were :obtained-
on reduction in volume. The infrared spectrum of the pui'ple product
showed strong absorptions at ca. 3360cm-' due to the presence of amine._In
- addition to the imine absorption at 1630cm~'. A relatively weak peak at
1720cm-' was observed and was attributed to the presence of the carbonyl
function. The fab mass spectrum verified that ring opening of the. 3Bm'
cryptand bhad occurred and displayed~» strong peaks due to the dinickel

complex of the diamino pendant arm macrocycle, 2Bm, which is showm in

! ~N

7 N

e @ )

figdre 44.

Figure 44 The pendant arm macrocycle 2Bm

Clusters due to [Niz2Bm(NOa)al+ at'm/e 790 (70%) and [Ni:2Bm(NO»)2]+ at
m/e .845 (5%) were observed in the fab spectrum. In addi‘tiox'x a weak cluster
due to a complex of 3Bm which had opened at one imine function was
present (NizL(NOs)»l+ at m/e 908 (15%5. The colour change which occurred

during the reaction may signify a change in coordination geometry about
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the Ni(IDD ion on ring oOpening of the cryptand. It is probable that 3Bm
cannot fulfill the stereochemical requirements of the Ni(ID) ion and the
cryptand undergoes ring opening as a consequence. Perhaps strain generated
on trying to pr.ovide a suitable coordination sphere for Ni(ID activates
the ligand towards hydrolysis. Ligand rearrangement is -of'ten observed in
cases where a ligand cannot proyidé an ;acoeptable coordination geomeiry
to a metal ion.so.eE Attempted metal ion insertion into 3Bm using Fe(ID
and Mn(II) were not succeseful and led to protonation of the cryptand.

The 3Bm ligand has been reduced to the octaamino form by reflux with
sodium borohydride in ethanol. A prolonged reflux v'v.ith an excess of
borobydride, followed by stirring for 48hrs at room temperature. ‘fhe
infared spectrum of the product 'showed a strong N-H stretching absorption
at 3298cn~'and the absence of the strong and sharp v(C=N) absorption of
the parent imine 3Bn. However a broad and weak absorption around 1630cm-'
which is mainly attributed to §(H-H) may mask the presence uf residual
v(C=N) absorption. ' Mass spectroscopy was used to characterise the product
and showed that the 3Bm ligand was difficult to reduce thoroughly.
Although the base peak was m/e 598 ([(3Bm+12H1+ , weak peaks were also
~ observed at m/e 597 and 595.

The product from the reduction was used in transition metal ion complex

formation. Binuclear complexes of Co(ID), Ni(II) and Cu(Il) were obtained.
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PHYSICAL DATA FOR R3Bm COMPLEXES
Table 34 Infrared spectral data

COMPLEX COLOUR viH = «Cl0a vi0s vOH

59 CUzRSBm(C104)4:2HzO'green. - 3258 (s) 1098 (s> - 3514 (br>
622

60 Ni-R3Bm(NOs)a:4H20 turquoise 3268 (s) - 1449(br) 3414 (br)

‘ 3212(s)

61 Co2R3Bm(Cl04)4:EtOH green 3246 (s) 1094 (s) - 3587 (br)
622

62 (R3Bm +2H+] (NOs)= colourless 3020(s) - 1353 (br)> 3442(br)

The infrared spectra of the R3Bm complexes showed 'a broad 6 (N-H)
absorption at ca.163Ccm™'.

The fab mass spectrum of the dinickel complex Ni=R3Bm (H0s)a: 4H20 showed
peaks due to nickel complexes of R3Bm. Clusters were observed at m/e 901
(60%) which was attributed to (Hi;RBBm (NOa)>l*, successive losc of
nitrate proauced the peaks at m/e 838, 775 and 654. The infrared spectfum.
of the dinickel product showed two sharp v(N-H) absorptions at 3268 and
3212cm~" which may be due to symmetric and asymmetric (N-H) stretching
modes. A broad and strong v(D-H) stretch was observed at 3514cm~' which
supparts the presence of 4H:0 as suggested by the analytical figures. A
broad absorption at ca. 1630cm~' in the infrared spectrum yas'attributedm
to 6(N-H) combined with &6(0~H) bending. The electronic spectrum of the
complex in solution showed three bands at 28,000cm~' (e = 52 1 mol"'cm"1
), 17,100 (¢ = 28 1 mol-'cm~'), 10,600cm~' 49 ] mol'ca’ as expected
for Ni(II) 4in octabhedral symmetry. The bands are assigned to the
transitions gAzg + 3Ti5P) Fhzgy 4 FTHg (E), and 5Azg 4 FTag

respectively. The relatively low intensity of the bands provide further
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evidence of octahedral coordination.. The mull electronic spectrum shows
absorption bands in similar positions to the solution spectrum ( 28,000sh,
16,800 w, 10,200cm™' w, ) suggestihg that coordination geometry in >the
solid state ié similar to that in solution. Iﬁe NidID) ion may achie.ve
octahedral geometry by coordination of the four tren based donors and
two water molecules. It is interesting that the Ni(II) ion can be
accoﬁnodated within the R3Bm ligand whereas ring opening wae obse‘rved in
atf.empte& insertion into 3Bm. Presumably the increased flexibility of the
R3Bp ligand pernits accomodation of the Ni(II) ion..

The infrared spectrum of - the dicopper (II) cryptate Cu=R3Bm(ClOa)a

shows a sharp V(N-H) absorption at ‘3258cm"‘ and a broad 6 E-I
absorption at 1632cm~'. The absorptions due to the perchlorate counterion
were typical of ionic perchloréte. va and va were unsplit and were
oﬁserved at 1098 and 622cm—'. The electronic spectrum of this complex
displays a brpad d-d band at 10,900cm~' (¢ = 230 1 mol~' cm~), a slight
shoulder at 14,300cm‘-‘ was observed in addition to a stronger charge
transfer transition at 33.900cm—‘. € = '79-00. TheA electronic spectrum is
consistent with a tetragonal coordination. The presence of a shoulder on
the high energy side of the d-d band maximum may indicate some reduction
in symmetry.
Surprisingly, and 11; contrast to the behaviour of .R3Bp with Cu(D),
attempted imsertion of Cu(I) into fhe R3Bm cryptand gave oxidise'd CudID
"containing products despite the use of Ary and deoxygenated solvents and
nitrogen protection from the atmosphere.

The infrared spectrum of complex CozR3Bm(C104)=2:EtOH (61)showed a
shar;p V(N-H) absorption at 3246cm~'. The absorptions due to the

perchlorate counterion were observed at 1098 and 622cm~' and are typical
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of V= and v« of ionic perchlorate, respectively. A broad absorption at
1625cm-' may be attributed to &(N-H) bending, but may also include
contributions from imine functions in the product. The fab ‘mass spectrum
displayed several clusters. A cluster at m/e 656 (35%) is attributed to
(CozR3Bm]*- and m/e 813 (75%) t@ (CoR3Bm(C104)]* however peaks due to
complexes of ?artially reduced 3Bm (ie 3Bm + xH) 1ligand were also
observed. A strong cluster at m/e 1003 (95%) éorresponds to [Co.a_RSBm-’?H
(Cl0a)al* which sﬁggests that there are imine functions remaining in the
ligand. A less intense peak corresponding to [CozR3Bm-4H)* m/e (35%) waé
also observed. The complex analysed correctly for the proposed strupture
however the presence of some of the partially reduced complex is not
likely to affect the CHN analysis.

As the same batch of R3Bm was used for synthesis of both the nickel
.and the cobalt cryptates, it is probable either that the ligand was not
fully reduced and that the Ni(II) ion selects the fully reduced R3Bm in
preference to the partially reduced ligand or that Co(ID ﬁay be capable
of introducing unsaturation into the R3Bp ligand. Vith the redox active
metals, cobalt and copper, there appears to be the possibility that
oxidative dehydrogenatibn has occurred. It 1is necessary to repeat the
synthesis of the dicobalt complex using ligahd that is certain to be fully
reduced. A new batch of R3Bm has been prepared and proton n.m.r. was used
to verify the absence of imine proton signals.

As observed in the 3Bp /R3Bp series reduction of'the imine groups . of
the Schiff-base 3Bm cryptand enables complexation of a wider range of
transition metal ions. The 3Bm ligand appeared to be unable to provide an
acceptable coordination site for the FNi(II) ion yet a dinickel(II) R3Bm

complex was obtained. The increase in flexibility obtained on reduction of
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the imines may account for the reduced ligands ability to provide an
acceptable coordination geometry to the Ni(ID) ion. The binuclear complexes

of R3Bm do not appear to bind hydroxo as do the R3Bp series.

CONCLUSIONS

The aim of this project was to prepare a range of metal ion complexes of
macrocycles and cryptande and to investigate their properties and
structure. The binucleating macrocycles P and NC provided a range of
homobinuclear and heterobinuclear complexese which Qere capable of binding
small bridging ligands. It was hoped that the cyclohexyl groups of the MC °
macrocycle would provide additional steric protection to the binding site,
however this hope was not realised.

The macrobicyclic ligands 3Bp, R3Bp, 3Bm and R3Bm provide a more
sterically .protected binding site. The 3Bp ligand appears to leave the
divalent transition metal ions coordinatively unsaturated and other small
ligands are requirgd to stabilise Co(lI)> and Ni(II)> conmplexes. This
suggests the poesibility of formation of bridged binuclear assemblies
within 3Bp, possibly with ligands such as imidazolate that may give a
stabilising stacking interaction with the substituted benzene of the
cryptand.

The R3Bp cryptand has proven useful as a host for the hydroxa-
bridged binuclear assembly. The protonated R3Bp ligand méy be .capable of
forming anion cryptates and should provide a linear cavity suitable for
binding linear anions such as azide for exainple.

The 3Bm ligand may be capable of forming a widér range of metal

complexes 1f a small coordinating ligand such as thiocyanate 1s provided.
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As was observed with in the 3Bp/R3Bp series the reduced ligand produces
metéll complexes readily, presumably due to the increase in flexibility
resulting from reduction of the imine funcfions.

The work on the GT series has been productive, and a wide range of
transition metal ion, lanthanide ion and group(l)> cryptates have been
obtained. Many interesting and potentially useful properties have been
uncovered for-the cryptates. The reversible electrochemistry found for the
transition metal cryptates suggests potential use Qé redox reagen@s,
whereas the kinetic and aqueous stability of some of the cryptates may
enable uses in MRI, labelling or metal ion transport. An investigation of
the possible luminescence of the europium cryptate, in collabpration with
.Prof..Kelly is underway. Nevertheless there are many areas worthy of
development. A “*Na nmr study is planned for the NaGT cryptate. Further
work on the cbpper GT cryptates is likely to be worthwhile, particularly
on the mixed valence dicopper complex.

Further attempts at preparation of the reduced GT ligand would be
desirable, particularly as this ligand appears to complex lead avidly and

could have potential in detoxification.
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APPENDIX 1 Fundamentals of cyclic voltammetry.
Cyclic voltammetry has become a popular techniqpé in the study of
electrochemical reactions during the last twénty yealrs.-‘”‘“-“” The
technique bhas been exténded to the field of inorganic chemistry, where it
is used to evaluate the effect of ligands on the oxidation-reduction
i)oten‘tialé of metal ions in metal complexes and multinuclear clusters.
Cyclic voltammetry involves cycling the potential of the working

electrode between the initial E., and final Es potential, at a constant
scan rate, while measuring the current. The current respaonse is plotted as
a function of the applied potential to give a current-voltage curve or
cyclic voltammogram, which indicates the potentials at which
electrochemical processes (oxidation-reduction) occur. Since the.
experiment is performed at stationary electrodes in an unstirred sclu.tion
over a short time interval, diffusion ie ‘the principal mode of wmoving the
electroactive specles to the electrode surface.

Figure 45 shows a typical cyclic voltammogram showing the important
parameters that will be used to interpret the results.
The fundamental thermodynamic quantity assigned to an electrode process
is the standard E° or -formal (E=") electrode potential.?$® The formal
electrode potential, E<' is related to the cell potential, Ecei: by ‘an
equation in which activities of the species taking part are replaced by
| any composition variable, (e.g. concentration), with the electrode reaction
and reaction medium Being clearly specified.

Ecaiz = E¥'=-C nF ) I vy 1nCs ; ai replaced by concentration.

1
The electrochemical oxidation of ferrocene provides the basis for judging

electrochemical reversibility and permite a quantitative comparison of
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electrode potentiale obtained “using different reference electrodes or
different solvents.®®'.®%2 The redox potential of ferrocene is aocept_éd as '
a reference for reporting'electrochemical oxidatiog—reduction systems.
Three main types of electrochemical processes have been 1dentif1ed, namely,
reversible, quasireversible and irreversible érocesses. These are briefly
described bélow. |
Reversible proceases-ére those in which the rate of electron tranefer is
greater than the rate of mass transport and both " the oxidisable and the
reduﬁible species rapidly exchaﬁge electrons with therworking electrode.
The reaction is therefore fast enough to maintain the concentration of the
oxidised (O) and reduced (R) forms in equilibrium w;thieach other.
| 0 +e- = R |
The Nernst equation gives the equilibrium concentration ratio of O and R
at the electrode surface, at a given potential; | |
~ RL Cnl

E-= E=* + nF ln (Cal
The peak currents (i1p* and ip<) obtained from cyclic yoitammograns are
described by the Randles-Sevcik equatiqn:

1p = (2.69 x 10%) n /2 D1/z Cyivz

Vhere: n = number of electrons involved

D = diffusion coefficient
C = concentration of clectroactive species
scan rate

<
"
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Cathodic

. R _
0.0 0.5 E/Nv 1.0
Figure 45 Cyclic voltammogram for 10-*N ferrocene in CHz2Clz/0.2N nBusNPFe

- versus Ag/AgCl reference electrode, Pt wire working electrode and Pt
auxiliary electrode. Scan rate = 100mV s~'.

E=p = Anodic (oxidation) peak potential.
E<p = Cathodic (reduction) peak potentiali
i*p = Anodic peak current.

ip ; Cafhodic peak current.

oE = E*p - E<p = Peak potential separatiom.

AE

Q.050 for a reversible n electron system.
n
i= = Peak current ratio = 1 for a reversible reaction.
ié
Plpts of 1 versus v'“¥ and i, are straight 1lines for reversible

electrochemical systems. For a quasireversible process, the anodic and
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cathodic peak potenﬁals shift further apart with increasing scan rate. The
reverse peak may be shorter than the forward peak, probably as a result of
an accompanying chemical reaction.?&7.95% |

Vhen the reaction is totally irreversible, the rate of electron

transfer is m;Jch less than the r_até of mass transport, resulting in a slow
exchange of electrons at the working electrode. This results in either a
complete separationA oi; the forwafd ‘and reverse peaks, or a complete‘
disappearance of the reverse peak probably due to chemical reaction
accompanying the electron transfer process.?s®.3¢6.2357.
Two problems have been identified in cyclic voltammetry. As a result of
charge transfer across the solution interface, there 1is often an’
accumulation of charges on both sides of this double layer which then
behaves as a capacitor. Since the potential is continually changing, a
double layer charging current ls always flows in addition to the faradaic
currént, Irarecais. This double layer charging ourrent distorts cyclic
voltammograms recorded, especially at high scan rates. Secondly, as a
result of the internal résistance drop, iR, caused by the solution and
cell resistance between the referenqe and working electrodes, the applied
voltage is bften changed from the desired value, E,to E + iR.. This results
in a decrease in peak current heights, and an increase in peak potential
éeperation.

These problems associated with cyclic voltammetry are often.
suppressed by using. a supporting <(or backing) electrolyte in the
electrolyte solution. The supporting electrnlyte therefore increases the
conductivity of the solution, thus reducing the resistance between the
working and reference electrodes, and ‘hence eliminating migration as ,a.

mode of mass transport for the electroactive species. The suppo rting
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»'elecf;rolyte also suppresses the double layer effect on kinetics by
minimising the variation of the double layer charging potential with the

applied potential.

ELECTROCHEMICAL STUDIES

The catalytic acfivity of many metalloprateins is associated with redox
change of the metal ion, either in electron transfer processes or in
oxidation or reduction of a substrate. The redox potential of the metal ion
is obviously of fundame;atal importance and 1s highly: dependant on the
nature of its binqing site within the protein. Complexes of synthetic
macrocycles and cryptands have provided coavenient systems for the
evaluation of thé dependance of oxidation reduction properties on the
detailed structure of the ligand 'while imposing an approximately constant
coordination geometry on a given metal ion. The complexes of -tetraaza
tetradentate macrocycles have featured widely in such studies. Attention is
- focused on oxidation reduction processes involving the cenfrél metal ion
and not involving redox changes of the ligand. Variation of macrocyclic
structure while maintaining relatively fixed stereochemistry and constant
donor set, has .allowed the redox potential of the Ni**/Ni®* to be varied
over a two volt range.®¢® Figure 46 shows selected macrocycles and tﬁeir
effect on the nickel (II)/(III) redox couple.

Sargeson and coworkers have investigated the effect. of cQage ligand
structure on redox potential of the (II)/(III) couple for the encapsulated
cobalt ion.'®?2%® The use of cryptands in such studies prevents the metal
ion binding different axial ligands or moving oaut of the plane of the
ring, as 1is possible.in the macrocyclic studies. Various types of change

in cryptand structure have been investigated,' different bridgehead atoms
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(N or C),substituents on the bridgehead c.arbcn atom, charged cages,
cavity sizes, various degrees of unsaturatioﬁ ‘or ring)strain in th_e' cage.
The factors influenc;.ng redox potential are summarised belaow.
(a) Negative charges in the ligand favour thg higher oxidation state of
the metal ion.
(b) Ele-ctron withdrawing substituents destabilise the higher oxidation
state. |
, (6) Increas"e of cavity size favours the lower oxidation state.
(d) Strong é-donor ligands favour high oxidation states.
' (e) Strong n-acceptor ligands, or introduction of unsaturation into the
ligand favours low oxidation states.

(f)> Ring strain effects operate either way and favour the state in which

strain is released.:
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APPERDIX 2 Electron spin resonance
The- relative low symmetry of copper(II) coordination environments often
makes interpretation of electronic spectra difficult. In such cases
electron spin resonance (esr) spectroscopy can be used to provide
information about the electronic ground state and the céordination
geometry. |

In electron spin resonance the magnetic dipoles of unpaired electromns
are norﬁally aligned with the applied field causing Athe degeneracy of the
spin states of the electron to be removed (Zeeman effect). The energy
différence between the two states is gBH, where g is the gyromagnetic
ratio, B is the Bokr magneton and H the 'applied field strength. For a free
electron the value of g is 2.0023.
| If the electron is associated with a nucleus possessing ;pin t.her; the
energy of the electron will depend on which of the possible nuclear spin
states 1t 1is coupled. to (Nuclear Zeeman Effect). This gives rise to
hyperfine structure consisting of 2I +1 (I = nuclear spin quantum number)
1ineé of equal intensity.

The d® configuration of the copper(Il) catlion means that one of the d
orbitals contains an unpaired electron. When radiation of frequency v is
applied to a copper(ll) complex in a magﬁetic field a net absorption
occurs when hv = gBH. This results in an absorpfion peak and it is the
first derivative of this peak that the esr records. Figure 47 shows how
the esr signal arises for magnetically dilute copper(II). For the axially
symnetric copper(II) ion bnly one transition is possible which obeyAs the
selection rule ams = = 1 . The gi1 signal is obtained when the magnetic
field is oriented along the axial direction, the z-axis, and the g, signal

is obtained when the field is in ‘the equatorial x,y plane. Since in the
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situation of axial symmetry, the . axes are doubly degeﬁerate. the
.probability of transition is twice that in the 11 and hence the g_ signal
.has approximately double the intensity of the gi. signal. .

Vhen the unpaired electronlcouples to the copper nucleus, spin I = 3/2, a
hyperfine pattern of four equélly intense lines is produced. The‘hyperfihe
is usually observed in the giu: regibn ¢ Axx > 130 x 10-4cm~' but is often
unresolved in the g, region.®”® For rhombically symmetric copper (1) fhe X
and y axes are not equivalent and therefore three signals, g-, g and g=x
are observed. The type of esr spectrum of copper(ll) complexes will be
determined by several factors including the nature of the electronic
ground state and the coordination»'geometry of the copper(ll) ion.27?
Copper(II)'complexes with square based geometry, have a d x=-y= electronic
ground state. Vhen the applied magnetic field is along the z-axis, the
d x*-y* orbital can commute into the dxy orbital. Thus there will be spin
orbit coupling and

gll = g elec + 8 A
dx*~-y= - dxy

where ) is the spin orbit coupling constant.®”= Rotation of dx-y about the
X or y axis when the applied field is in an equatorial direction can lead
to rotation of dx3-y* into dw.x or d,z, and

and

gL = g elec + 2 )
dx=-y2 -dxz yz

Thus for copper(Il) complexes with square based geometry gix > gui >
Belectron = 2.0023 as the spin orbit coupling constant is positive. The

g values are smaller for square planar complexes than for other square
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based geometries.*?® The byperfine splittings, Ai:x , are large for
complexes with square based geometries and A) is often unresolved.

For trigonal bipyramidal®7<-27® and seven-coordinate pentagon'al
bipyramidal copper(lI) geometries, the dz® orbital contains the unpaired
electron.An axial field (Z direction) cannot commute dz= into an& other
orbite;l. geometry and so0 gia will equal the free electron value of
2.0023.%7° Vhen the applied magnetic field is 1in the equatorial (x,y)
direction, dz< can rotate into dxy or dyz with

gL = 2.0023 + 6 A
dx2-y2 -dxy yz

and therefore g; > gll = 2.0023. The Ai;: hyperfine splittings are usually
lower than obéerved for complexes with a dx*-y= electronic ground
state®”' 27% in copper(iD. ‘I‘};xua ESR may be used to determine the ground
state in copper (1D complexes.‘

For binuclear copper(Ill) complexes in which the copper centres are
magnetically coupled through a bridging ligand, a zero -field splitting of .
the triplet state occurs. As a result of the splitting the forbidden ‘half-
band'AAH = 2 signal is observed in addition to the stronger aX = 1 signal.
The half-band signal may .be resolved into a relatively isotropic seven
line pattern (2nI+l1) due to hyperfine interaction. The intensity ratios of
the line are often as simple as the expected 1:2:3:4:3:2:1 pattern. The
hyperfine spacing of about 756G is ‘approximately half of that found in
mononuclear copper(II) spectra. The aM = 1 region of the spectrum is often
complicated by distortions from regular geometries and by bhyperfine
splittiné 'patterns on components of the AM = 1 transition. The intensity
of the esr signal is dependant on the degree of electron pairing due to

interaction between Cu(II) centres via the bridging ligand. As a result
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strongly antiferromagnetiéally coupled CudID centfes may be esr silent.
¥hen there is no bridging ligand present between (Cﬁ(II) centrés and the
lons are not directly bonded, the only means of interaction is by dipolar
caupling. The esr spectrum reflects the internucl_ear separation of two
Cu(Il) ioms as the zero-field splitting is inversely proportional to r2® ,
where r is the intérnucle-ar separation. For- r > 7A , D is of the order of
0.0lcm~' and a single transition‘ is observed. At smaller ;I.nternuclear
distlance. the .zero-field splitting can dominate producing a split and
broadened AM = 1 signal and a narrower AM = 2 half-band transition. The
AN = 1 signal can extend over a wide magnetic field rax.lge.

Figure 48 shows isotropic hyperfine coupling for mono copper(Il) and

binuclear Cu<II)
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APPENDIX 3 Electranic spectra
Electronic transitions in copper (II) complexes give two main types of
absorption, d-d transitions and charge transfer transitions. Transitions
within the d subshell are Laporte forbidden, (AL = 0), Several mechanisms
for the breakdown of this selection rule exist and have the effect of
enhancing the intensity of absorption due to d-d transitions.®7=-277 These
mechanisms include :-
1 d-p mixing in non-centrosymmetric systems.
2 vibronic coupling in which strong metal ligand coupling allows coupling
of a vibrational mode of the molecule with the electronic excited state.

3 1intemnsity borroﬁing from an energetically near allowed transition
(usually charge transfer in nature). This leads to extinction coefficients
for a Cu(ID) ion d~d transition in the range 50-200M-'cm~’.
Copper (II) has a d® electronic configuration énd is subject to Jahn Teller
distortions if placed in a field of cubic symmetry. The distortions lead to
tetragonal splitting of the eg level so that dz® lies below d.=-y* as
shown in figure 49. Thus for tetragonally distorted six coordinate Cu(ID)
complexes, three bands are expected due to the transitioms, dz= -+ d.*-y=,
dxy + d.*-y= and dxz,yz - dgé—yz. The three bands generally overlap giving
one broad band. |

Square planar Cu(II) complexes are assigned to the Ds«h point group
and three transitions are:expected from dz#, dxz,yz and dyz to dx®-y=.
Charge transfer processes are both Laporte aliowed and spin allowed and
are therefore much more intense (¢ = 10°M~'cm~') than d-d transitioms.
Figure 51 shows the splitting pattern for d® Ni®* and d”7 Co**in

‘'octahedral and tetrahedral fields.
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In lanthanide complexes f£-f bands are often t:bser.veld.-“‘;''37'5 ‘The
electronic, absorptioﬁ spectrum of the tripositiv-e ions (except La3*, Ce3*
and Yb®*) contain several sharply Adefi_ned bands. Unlike the d-d bands
observed in transition metal complexes, the bands résulting from
traﬁsitions within the f subshell are notlsensitive in pésiticm. This is a .
result of the f electrcms: being inner electrone which are sheilded from
ligand effects. .In contrast, the absorption bands of the Ce®* and Yb®~*
ions result from 4f + 4f~'5d4' or. 4f -+ 4f~7'5g' or a similar
configuration, are broad and altered by complexing groups. The principal
absorption bands of relevant Ln** ijons are. shown in Table 35 .

Table 35 Principal f-f absorption bands

Ion Vavelength/nm

La=~ noné

Ce=~ 210, 222, 238, 252
Pra-+ | ‘. | 444, 469, 482, 588
Eus - 375, 394

Gde | 273, 273, 275, 276

Tha+ 369, 378, 487
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APPEEDIX 4 Intramolecular antiferromagnetism

Im nagneti;aally dilute systems the paramagnetic metal centres are isoclated
frm each other and do not interact. quever. paramagnetic metal centres
may interact with .each other either directly, when the distance between

them is small, ar through bridging ligands, as illustrated in figure 50.

/7P\_—\‘
I/,' \\\ ’ /_;T\ \
cum 1y 27\l cum Cu@l 2
. dxj-y 2 '\\\ . /,,I d X%yz S :i \\\\ | ,’
A \\ // [3 \\ z” Y/,
\\'M_L/ (=3~ 0-330 ::-l)
‘-P groundstate =d x¥-y? + d x-y?
- . A R

Interaction may be of a ferrouagﬁetic (S = 1) or an antiferromagnetic S =
0) nature. If the interaction is antiferrcmagnetic in nmature a decreased
can result at low

magpetic =mament 1is observed, and diamagnetisa

temperatures. Unpaired electrons from adjacent metal centres pair up by

superexchange through a bridging ligand, or by covalent bond formation in ’

the case of metal-metal bonds.
Antiferromagnetic behaviour can be confirmed by magnetic measurements

taken over a rangé of temperatures and is shown by the presence of a

maximum, termed the FNeel point, in the plot of susceptibility against

temperature. Below this temperature antiferromagnetic bebaviour is
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_ cbserved. As tenpera'tm'e is raised, thernal energy overcomes the magnetic
interaction, resulting in normal paramagnetic behaviour and the Curie~
Veiss law is followed. This differs from the nml Curie law. Although
the plot of 1/x versus tenperature is linear, there is a non-zero intercept
on the temperature axis. The singlet-triplet separation is given by the .
exchange coupling parameter, 2J, which is defined by the Hamiltonian
operator H = -2JS: Sz where S and Sz are the spins of the two nuclei
involved. The value of J is negative for ntﬁmqmagnetic coupling and

pocitive for ferromagnetic coupling as illustrated below.

T T

-27 27

B

J<0 | 7>0
Antiferrmagnetid Ferromagnetic

Nagnetic susceptibility varies with temperature as a function of -J and
the magnitude and sign of the coupling constant, J, is calculated from
nagnetic susceptibility x= vs. temperature data, using the Bleaney Bowers

equation.2.

MAGNETIC CHARACTERISTICS OF LANTHANIDE ION COMPLEXES

Paramagnetiem in lanthanide complexee arises ac a result of the bresenoe_
unpaired 4f electrons. As the 4f orbitals are shielded from the influence
of external forces by 582 and 5p° shells, magnetic moments of the
lanthanide seriee are only slightly affected by their smnundings.“*‘ﬁ'"
The states of the 41 configuratioms are givem by the Russell-Saunders

coupling scheme. Because the 4f electroms are sheilded both their arbital
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.and spin motions contribute, and the observed moment results from coupling
of these. l‘l'he spin arbit coupling constants are quite large <order of 1000
ca~').

The lanthanides, with the exception of ‘Bu* and Sm®*, have ground
states with a sﬁgle well defined value of the total angular mcmentum J,
with the next lowest J state at energies many times kT above.

For Eu®* and Sm>* excitadsfatesareclcaetnthegrmndstateand.are
appreciably populated at room temperature, thus the obeerved. nﬁgnetic
noments for Bu®* and Sm®* are higher than those calculated by considering
the ground states omnly. The theoretical (Van Vleck) value is determined by
the magnitudes of separation between the energy levels. (produced by
coupling. of spin and arbital motion) and the term XT. The thecretically
calculated values match observed values well. Nagnetic moments and
electronic ground states far éélectad triéositive cations of the

lanthanides are tabulated below.

10K GROUND STATE THEORET ICAL OBSERVED OBSERVED
(Van Vleck) Ln2 (804)2: 8H20 Ln(Cels)>
La®+ 8o 0 - ‘ 0
Ce3+ 2Fs,2 : 2.56 , - ' 2.46
Pra+ H, 3.62 - 3.47 3.61
Bu2+ 7Fo 3.40-3.51 3.54 -
Gd>+ *S,,2 . 7.94 7.9 7.98
Tbo+ 7Fs 9.7 9.6 -
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APPENDIX 5 Instruments

Infrared spectra were recorded in the range 4000-300cma—' as KBr discs or
nujol nylls using a Perkin—-Elmer 983G infrared spectrophotometer.
Electronic spectra were recorded as solution or mull spectra using a
Perkin-Elmer Lambda 9 UV/VIS/NIR spectrophotometer.

Conductivity measurements®®° were obtained using a MNetrohm Herisau
conductometer E518 aor a conductivity cell with a cell constant 0.0352,
constructed from bright ];latinun electrodes, 1in conjunction with a
conventional resistance/capicitance bridge.

K=0.0352 .
R (where R = resistance reading)

Keorr = K-Ka (where Ko = 0.03%2 )
: resistance of MeCN

Nolar conductivity = 1000Kcorr/c (where ¢ = molar concentration.)

Rangess in NeCN:

1:1 electrolyte 120-160 S ca® mol—' (92-199)
12 electrolyte 220-300 S ca® mol~' (145-336)
1:3 electrolyte " 340-420 S ca® mol~' (variable)

Nass spectra were recarded at an iomnising voltage of 70eV using either an
AEI or an Ne902 mass epectrometer. Fast atom bombardment mass
spectroscopy  was carried ocut by the SERC mass spectrametiy service,
Swansea. 'H NMR spectra were run using a Bruker VA250 MNHz Fourier
transform NHER spectrometer or a 300KHz General electric QE300
spectrumeter. | Maguetic results were ubtaloed either by the Gouy. method
using a Newport Instruments variable temperature (93-300K) magnetic
balance ar by use cﬁ an Oxfard instruments resistance susceptibility
balance, which provides results in the temperature range (65-300K).

Bsr spectra ﬁere qbtained as undiluted puwders ar as the frazem glass,

using a Varian E10 instrument.
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